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Kurzbeschreibung
Die vorliegende Arbeit befasst sich mit der Frage, ob die Position einer visuellen
Information im Raum die Aufnahme und Verarbeitung dieser Information beeinflusst. Untersucht werden aufgabenspezifische Unterschiede der visuellen Informationsverarbeitung im dreidimensionalen Raum. Nach einer ausführlichen Beschreibung des theoretischen Hintergrunds und des aktuellen Stands der
Wissenschaft werden vier Experimente dargestellt, die systematisch verschiedene
Dimensionen von Intelligenz (verbal, numerisch, figural, kristallin, fluid) variiert
und die Auswirkungen der Anzeigeposition im Raum auf die Probandenleistung
(Reaktionszeit, Fehler) untersucht haben. Des Weiteren wird der Frage nachgegangen, ob die gleichzeitige Informationsdarstellung in zwei verschiedenen räumlichen Tiefenebenen zu einer Verbesserung der Nutzung von Verarbeitungsressourcen führt. Die Ergebnisse lassen darauf schließen, dass visuelle Informationen
abhängig vom Darstellungsort verarbeitet werden und die optimale Position vom
Aufgabentyp abhängig ist. In einem weiteren Experiment werden beobachtete
Effekte aus dem realen dreidimensionalen Raum mit denen aus einer virtuellen
Umgebung (CAVE) verglichen. Die Arbeit diskutiert abschließend die Ergebnisse
aus neuropsychologischer Sicht und erwägt, inwieweit die dritte räumliche Dimension bei der Gestaltung von Mensch-Maschine-Schnittstellen Berücksichtigung finden sollte.
Schlagworte:
Dreidimensionaler Raum, visuelle und aufgabenspezifische Informationsverarbeitung, Mensch-Maschine-Interaktion, Raumkognition
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Abstract
This doctoral thesis is concerned with the question of whether the location of visual information in three-dimensional space influences human perception and processing. It examines task-specific characteristics of visual information processing
in perceptual depth. After a thorough description of the theoretical background
and the state of the art in corresponding scientific research, four experiments are
described, which systematically varied several dimensions of intelligence (verbal,
numeric, figural, crystalline, fluid) and examined the impact of display location on
user performance (time, error). In addition, the question of whether concurrent
information presentation in two perceptual depth planes leads to improved resource allocation, is considered. Results indicate that visual information processing is sensitive to display location and that the optimal position in 3D depends
on task type. Observed effects in the real three-dimensional space are compared to
a virtual environment (CAVE) in a further experiment. The thesis finally discusses
results from a neuropsychological point of view and indicates, to what extent the
third perceptual dimension should be considered in human-machine-interface design.
Keywords:
Three-dimensional Space, visual and task-specific Information Processing,
Human-Machine Interaction, spatial cognition
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1

Introduction

Modern technological systems are increasingly capable of presenting visual information in three-dimensional space. Where a standardized 2D desktop metaphor
was utilized for many years, now new projection techniques and displays are taking over, strongly influencing human-machine interaction (HMI). Application
fields of 3D-visualization technologies range from aviation and automobile driving (Figure 1) to industrial production, control rooms (Figure 2), health care, office settings (Figure 3, left), and also to personal living, as in Smart Homes
(Figure 3, right).

Figure 1. Visual information presentation on transparent HUDs in aviation (left, source:
Telstar Logistics/ Wikipedia1) and automobile driving (right, source: Sebastian Klein/ Wikipedia2)

Figure 2. Modern control rooms of a factory (left, source: RobertRED/Wikipedia3) and a
power plant (right, Steag/Wikipedia4)

1

http://commons.wikimedia.org/wiki/File:C-130J_Co_Pilot%27s_Head-up_display.jpg

2

http://commons.wikimedia.org/wiki/File:E60hud.JPG
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Figure 3. Multiple Displays in an office setting (left, courtesy of G+B pronova GmbH) and in
a Smart Home Kitchen (right, courtesy of Chair of HMS, TU Berlin)

While information is mostly still being presented on 2D-displays, the number of
displays is increasing and thus the number of locations where visual information
can be retrieved.
These new developments greatly challenge HMI-research since work which was
done on interaction design in the past, i.e. designing for 2D information presentation, now has to be applied to 3D technology. Usability issues which were identified in Human-Computer Interaction with 2D standard desktops now have to be
investigated anew in a 3D context. Optimal design of human-machine interfaces
and the optimal location for presenting visual information in HMI have to be reassessed against the background of modern technologies, posing new opportunities and challenges.
The main objective in this context is to investigate whether visual display location, specifically in spatial depth, affects human information perception and processing – and if so, how. This topic has primarily been dealt with in the fields of
aviation and automobile driving, while research in other of the above mentioned
application fields is rare. This thesis aims at pursuing the objective from a basic
research perspective, answering general questions and enabling researchers to
subsequently transport results back into their respective disciplines.

3

http://commons.wikimedia.org/wiki/File%3ALeitstand_Lemgo.jpg

4

http://commons.wikimedia.org/wiki/File%3ALeitstand_2.jpg
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According to Previc (1998), the three-dimensional space surrounding an individual has to be divided into four different realms, each with specific properties concerning neurological processing of stimuli and reactions, influencing human perception and behavior. Specific functions associated with 3D interaction (e.g.
visual search or navigation) were assigned to corresponding realms. Perception
and processing of visual information is particularly sensitive to whether stimuli
are presented in the near or in the far distance, which implies that some display
locations in space are suited better for certain tasks than others. This assumption
forms the base for the present thesis and its two main research questions:
1.

Is there a generally optimal display location for visual information or can we
only define a relative optimum, possibly sensitive to informational content
and related task-type?

2.

Does utilizing more than one spatial depth dimension for visual information
presentation lead to better performance due to improved resource allocation?

The thesis outline is as follows: Chapter 2 - Theoretical Background covers the
theoretical foundation for the present work by 1. Describing Previc’s work in detail and reviewing fundamental research on visual information processing in spatial depth, 2. Introducing Wickens’ multiple resource model (2002) and 3. Applying both to HMI, giving a review of current research in the field of aviation and
automobile driving, where most of the work on 3D visual information presentation has been done until today. Chapter 3 - Method explains the method of choice
to investigate the above stated research questions, firstly describing the experimental set-up and secondly introducing the utilized tasks. Different ways of classifying tasks in HMI are introduced. The chapter closes by describing tasks as
they are applied to the present work and explaining why they have been chosen.
Chapter 4 – Experiments covers all experiments that have been completed in the
course of this doctoral project, four of them aiming directly at answering the defined research questions and one with the goal of comparing previous results in
the real three-dimensional setting to virtual reality. For this purpose the experimental set-up has been transferred to a Cave Automatic Virtual Environment
(CAVE). Finally Chapter 5 - Discussion summarizes results, making an attempt to
answer the thesis’ research questions and discusses experimental implications
against the background of Chapter 2, suggesting a modification of the multiple
resource model and a consequential rethinking in 3D-HMI research and design.
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2
2.1

Theoretical Background
Human Perception and Interaction in 3D Space

Integrating neuropsychological work on three-dimensional spatial interaction, Previc
(1998) suggested the division of the space surrounding an individual into four perceptual
and interactive realms (Figure 4).

Figure 4. A Model of 3D Spatial Interaction, adapted from Previc (1998)

With each realm bearing specific characteristics of neurological processing, human perception and behavior are specifically influenced by a stimulus’ spatial location.
In their famous article from 1982, Ungerleider and Mishkin stated the existence of two
cortical visual systems or cortical processing pathways, which both have their origin in

the primary visual cortex (V15): The ventral stream is directed into the inferior temporal
cortex and is important for object recognition, i.e. focused vision. This stream is commonly called the “what”-stream. The dorsal stream is directed into the posterior parietal cortex
and is important for spatial perception and visuomotor performance, i.e. ambient vision
(see also Milner and Goodale, 1995). It is therefore called the “where”-stream (see Figure
5).

Figure 5. The dorsal and the ventral visual pathways (blue = the posterior parietal cortex, orange =
the inferior temporal cortex), adapted from Gray (1858).

Previc’s peripersonal or – extended by May (2006) – the manipulative peripersonal realm
extends from zero to two meters6 into depth and is used for visual grasping and object manipulation. Its lateral extent is 60° (central). As far as visual perception is concerned, the peripersonal realm is specialized for global form, depth and motion. There is a lower-field bias,
meaning that attention is more readily allocated to and manual reaction times are faster in the
lower field (Sheliga et al., 1997). The neuroanatomical system includes the dorsal visual
pathway into the posterior superior parietal cortex. This realm is to be understood as the

5

Also: Brodmann area 17. Note that all visual information is directed from the lateral geniculate nucleus
(LGN) to V1 first before it is then passed on to V2-V5 (Brodmann areas 18 and 19) via the two different
streams.

6

Note that this was the originally described range, which has been modulated according to evaluation on
the exact distance, which led to the notion of a border at arm-reaching distance (refer to Previc, 1998;
Berti and Frassinetti, 2000; May, 2006).
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realm inside hand-reaching distance, even though it has been shown to expand with tool use,
when the tangible region expands therewith. Berti and Frassinetti (2000) described a clinical
patient who, after a right hemisphere stroke, showed a near space left neglect. A line bisection
task (a standard clinical measure) could be completed correctly in the far space only. However, when the patient was given a stick, which physically enabled him to reach the far space
(instead of completing the task with a laser pointer), the neglect became apparent in the far
space as well. The authors argued that the body was artificially extended and the former far
space became near space, being within ‘hand’-reaching distance.
The action extrapersonal or locomotive (May, 2006) extrapersonal realm extends from two to
30 meters or more, in the full 360°. Objects in this realm can be reached by walking or other
body movements. Functions are navigation, target orientation (incl. motion-based actualization of object location) and scene memory. There is an upper field vertical bias, i.e. attention
is more readily allocated to the upper field of this realm. The neuroanatomical structures involved include the medial visual pathway to the superior temporal cortex and parts of the
limbic system, namely the hippocampal formation and the posterior cingulate cortex.
The ambient extrapersonal realm extends up to a few kilometers and is mainly used for spatial orientation, postural control and locomotion beyond the locomotive extrapersonal realm.
Its lateral extent is 180° and there is an attentional vertical bias towards the lower field. The
neuroanatomical system includes the dorsomedial visual pathway to the parietal-occipital
area, the retroinsular cortex at the parietal-temporal junction and less defined pathways to and
from the dorsal frontal lobe.

The focal extrapersonal realm extends from 0.2 meters to the distance at which a respective object is no longer resolvable, while the lateral extent is 20-30° (central). It is mainly
used for visual search and object recognition, which entails that areas and objects of interest are focused for identification and classification. The visual system within this realm
is specialized for color and form, including high-resolution contour analysis. It is biased
towards the upper field. The cortical neuroanatomical structures involved include the ventral visual pathway leading to the inferior temporal lobe. Note that this realm is special in
the way that it extends through two other realms, namely the peripersonal and the action
extrapersonal realm. Thus, an object can be located in the peripersonal realm and the focal extrapersonal realm at the same time when a) within reaching distance and b) focused.
The same is true for action and focal extrapersonal realms. Hence, while the other three
realms are defined spatially and in terms of different motor systems and physical limitations (e.g. arm length), this realm is defined according to the visual system, i.e. focused
objects are within this realm while non-focused objects are not.
Table 1 summarizes functions and three-dimensional loci of the four different realms and
the visual sensory system involved in perceiving and interacting with visual information.
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Table 1. Specific Characteristics of the four Perceptual Realms, adapted from Previc (1998)
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Previc’s model of 3D spatial interaction has been examined and supported by a number of
neurological studies. Halligan et al. (2003) reviewed several findings of near neglect
without far neglect and vice versa in both purely perceptual tasks and motor tasks, respectively. Summarizing a number of lesion studies in brain-damaged patients, the authors
conclude that spatial cognition in general is dependent on the correct functioning of a
neural network including the frontal premotor cortex and the posterior inferior parietal
regions, at the parietal-temporal junction and their connected areas (Figure 6). Damage in
these regions has been reported to lead to visuo-spatial unilateral neglect of the contralateral side7, especially for near space (Halligan & Marshall, 1991). Wang et al. (2001)
identified at least two space centers in the brain: The posterior parietal cortex for egocentric and the hippocampal formation for allocentric spatial representations.

7

i.e. left spatial neglect after right brain damage, or vice versa
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Figure 6. Spatial processing areas in the cerebral cortex of the human brain as identified from lesion
studies in brain-damaged patients (adapted from Halligan et al., 2003).

Additionally, there is supportive evidence from attention research. It has been shown that
attention spreads in depth and is not limited to two-dimensional space: Atchley et al.
(1997) found that reaction times were slower when subjects had to switch attention in x-,
y-, and z-dimensions than only in x- and y-dimensions. However, this effect was only
apparent when distractors, i.e. increased perceptual load, were present. Interestingly, inhibition of return (IOR, a selective inhibitory aftereffect following the attending of a specific location in space) spreads across depth also, i.e. IOR occurs at a specific x- and ylocation but in front and behind the attended region (Theeuwes and Pratt, 2003).
Couyoumdjian et al. (2003) conducted three experiments on allocation of attention within
and between peripersonal and extrapersonal space. They presented four pairs of LEDcubes, one each on the left and on the right, at 40, 80, 120 and 160 cm from the observer
and cued their onset either validly (at the same location) or invalidly (at a different location). They found that reaction times were significantly faster when invalidly cued and
target locations were in the same realm in comparison to when subjects had to shift their
attention across realm borders8 - distances between cue light and target cube being equal.
Results remained consistent when, in addition, fixation point and target distances were
manipulated. These findings strongly suggest that – on top of the time needed to switch
attention between two points in depth – there is an added cost when attention has to be
switched between two perceptual realms.

8

Note that realm border was assessed to lie between 80 and 120cm.
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Several studies reported an asymmetry in the allocation of attention in depth where subjects were able to switch attention faster from far to near objects than from near to far
ones (e.g. Gawryszewski et al., 1987; Andersen & Kramer, 1993; Kimura et al., 2002).
Arnott and Shedden (2000) found that this viewer-centered asymmetric depth gradient is
dependent on perceptual load, i.e. it is not apparent when perceptual load is low because
in this case a narrow attentional focus is not necessary. As in two-dimensional space9,
attention in three-dimensional space can either be object- or space-based; a trade-off between the two possibilities is suggested, i.e. even within the same task, both space-based
and object-based components of visual attention can be applied (e.g. Egly et al., 1994 and
Atchley and Kramer, 2001).
In spite of this supportive evidence on perceptional issues, there have been contradictive
results on the behavioral part of the model of 3-D space presented above. Schoumans,
Kappers and Koenderink (2002) could not find any differences in a pointing task in either
40 cm or 120 cm distance from their subjects. Moreover, they replicated systematic context-based errors in both distances. However, a laser-pointer was utilized and the assumption that subjects worked in two different perceptual realms could be questioned. Rather it
should be assumed that the pointer led to an extension of the manipulative peripersonal
realm. Bearing this in mind, authors actually showed that distance itself does not play a
role in 3D-interaction; instead the perceptual realm visual stimuli are presented in is the
determining factor for perception, cognition and reaction10.
Holmes and Spence (2004) found a very apt and pictorial description for the brain representing objects in the different perceptual realms differently:
“If an engineer were to design a robot that could move through the world, selecting
and grasping objects as it went, the best use of its limited computa-tional resources
might well be to plan only grasping movements to those ob-jects of interest within
direct reach, and to plan only locomotive movements to those objects situated at a
distance. Similarly, the avoidance of objects that are of potential harm must be a
primary goal for all organisms fighting for their survival. Those objects that are of
most immediate threat are those that are closest to, and moving most rapidly toward, the body.” (p. 94)
If visual information is represented and processed according to its physical location, and
information from different perceptual realms is processed differently and at different loca-

9

Since this thesis’ scope is three-dimensional, basic principles of attention (e.g. grouping, pop out, meaningfulness of stimuli) which have been defined in decades of two-dimensional attention research will
only be reported in as far as they are relevant for this thesis’s research questions and objective. Please
refer to Egeth and Yantis (1997) for a general review on object- and space-based attention and Mack and
Rock (1998) for a chronicle of their research with a focus on preattentive perception and inattentional
blindness.

10

Note that research reported in this thesis is solely concerned with 3D-spatial perception rather than interaction and that interaction will not be further examined. Quite the contrary, experiments reported in
Chapter 4 kept interaction techniques equal in order to reduce variance. Refer to Elepfandt and Sünderhauf (2011) for a discussion and research on Human Computer Interaction (HCI) in 3D-space.
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tions in the brain, this notion of limited computational resources could have an implication on the time-sharing capability of two concurrent tasks also. Assuming that the four
different perceptual realms each form a separate resource pool, it appears plausible that
visual information from two different perceptual realms can be time-shared better than the
same information appearing at only one location.
2.2

Multiple Resources

Wickens (2002) integrated Previc’s model of 3D spatial interaction into his work on cognitive resources and time-sharing performance in multi task settings, building a bridge
between neuropsychology and Human Factors Research. His four-dimensional multiple
resource model (Figure 7) aims at describing interference effects of two or more parallel
tasks and gives implications on designing human-machine interfaces in a user-centered
way.

Figure 7. The four-dimensional multiple resource model, adapted from Wickens (2002)

The multiple resource model was inspired by Kahnemann (1973), who – in contrast to
traditional views on allocation of attention – suggested a general resource pool to facilitate human performance. Before then a single-channel bottleneck had been proposed with
an all-or-none concept of attention (e.g. Broadbent, 1971). Research on divided attention
in single-task-settings (e.g. Lowe and Mitterer, 1982, Miller, 1986) and in multi-task settings (e.g. Kantowitz and Knight, 1976, Spelke et al., 1976, Wickens, 1976, Brouwer et
al, 1991, Craik et al., 1996, Andersen et al., 1998) has led to the notion of differential,
multiple and individually differing resources instead of an undifferentiated resource pool.
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In the multiple resource model, four dichotomous resource-dimensions are defined:
Codes (spatial/verbal), Modalities (visual/auditory), Stages (perception and cognition/responding) and Responses (manual spatial/vocal verbal). Each of these has two discrete levels, which when utilized for task completion can be processed in parallel. When
two different tasks demand the same level of a given dimension, interference occurs and
tasks cannot be time-shared as efficiently as they could be when the two tasks utilized two
different levels. Apparently, two different levels within one dimension do not share the
same resources, which is what promotes parallel instead of serial processing. Thus, to the
extent that tasks compete for a common resource-defining channel there will be degraded
performance for one or both tasks (depending on resource allocation policy). However,
especially for the dimension of perceptual modalities, other factors (such as visual scanning, clutter or masking) could account for this effect also and the multiple resources notion is not quite definite. An important source of degraded performance when two visual
displays are present is increased scanning time with increasing display separation. Accommodation, eye movements or even head movements might be necessary to perceive a
visual stimulus. Wickens (1992) suggested a non-linear function for modeling these access costs. Additionally, it has been shown that performance may always be impaired by
clutter when multiple visual displays are overlaid (Horrey and Wickens, 2004).
The multiple resource model can be deployed for HMI-modeling or for designing user
interfaces when predicting a user’s future performance in a multi-task setting is of interest. While the Responses dimension gives implications on interaction design, the Modalities dimension is of importance when information presentation is concerned. It must, nevertheless, be noted that perceptual depth is not especially considered. However, the visual
level of the Modalities dimension represents a dimension itself with two discrete 2nd order
levels: ambient and focal vision (two of Previc’s four perceptual realms, resembling the
ventral and dorsal visual pathways). Wickens (2002) describes the reason for including
those sub-levels as follows:
“In addition to the distinction between auditory and visual modalities of processing,
there is good evidence that two aspects of visual processing, referred to as focal and
ambient vision, appear to define separate resources in the sense of (a) supporting efficient time-sharing, (b) being characterized by qualitatively different brain structures, and (c) being associated with qualitatively different types of information processing ([…] Previc 1998). Focal vision […] is required for fine detail and pattern
recognition (e.g. reading text, identifying small objects). In contrast, ambient vision
heavily (but not exclusively) involves peripheral vision, and is used for sensing orientation and ego motion (the direction and speed with which one moves through the
environment). When we successfully walk down a corridor while reading a book,
we are exploiting the parallel processing or multiple resource capabilities of focal
and ambient vision, just as we are when keeping the car moving forward in the centre of the lane (ambient vision) while reading a road sign, glancing at the rear view
mirror or recognizing a hazardous object in the middle of the road (focal vision)."
(p. 165)
This sub-task specification within the driving task has also been found by Summala,
Lamble and their colleagues (e.g. Summala et al., 1996, Summala et al., 1998, Summala,
1998 and Lamble et al., 1999), who equally describe vehicle control as a task that utilizes
peripheral vision while hazard awareness demands focused vision. This is in line with
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Gibson’s renowned research (e.g. 1950, 1954, Gibson et al., 1955) on pilots’ strategies of
airplane landing and the utilization of motion in the outside world (perceived in the periphery of the visual field) for navigational judgements. Lennemann et al. (2009) mainly
support the driving-task focal/ambient specificity, but add for consideration that ambient
and focal tasks (i.e. driving and side-task performance, respectively) are not time-shared
perfectly, indicating that the focal/ambient-classification of specific tasks cannot be accomplished quite as clear-cut.
The four-dimensional multiple resource model, and the Modalities dimension with the
nested dimension of visual resources specifically, which is the main interest in this thesis’
context, has been supported (e.g. Horrey et al., 2006) and integrated into computational
models on multi-tasking, like the model of Threaded Cognition by Salvucci and Taatgen
(2008). Even though single assumptions of the model have been challenged (for a summary see Wickens, 2008), the notion of differential multiple resources for attention allocation is now widely accepted (Schubert, 2006).
2.3

Application to Human Machine Interaction: Head-Up Displays in Aviation
and Automobile Driving

The main application fields of the two models described above are aviation and automobile driving. With the introduction of transparent head-up displays (HUDs) into airplanes
and vehicles, it became possible to project important information directly into the pilot’s/driver’s visual field, overlaying the real world (refer to Figure 1). This section will
review findings on visual information presentation in multi-task settings with several displays.
Kiefer (1998) utilized a head-up display and a head-down display (HDD) to visualize
speedometer information in a parking car and found that in high workload conditions,
detection rates for both, the in-car speedometer information and a speed sign in the outside world were faster with the HUD in comparison to the HDD. Additionally, he found
better hit rates, fewer false alarms and faster detection of pedestrians in the outside world
when the in-car information was projected onto the HUD. To control the exact time visual
stimuli were perceived, subjects were equipped with liquid crystal glasses which could
consistently be shut and opened again. These findings show that in-car information
presentation affects the driving task in general by influencing reaction time to stimuli in
the outside world.
Summala et al. (1998) utilized a car-following task where subjects had to react to the lead
car’s braking and showed that brake onset increased with increasing eccentricity of the
utilized HDD (three different in-car locations) to the outside stimulus. This experiment
employed a forced peripheral vision driving paradigm, i.e. subjects had to fulfill the driving task while being forced to look at the HDD at all times to execute an object detection
task. This was true for both, inexperienced and experienced drivers, indicating that reaction to a sudden stimulus cannot be trained.
Lamble et al. (1999) replicated those findings for nine different HDD locations and found
that the coherence between lead car eccentricity and reaction time increase was even
more pronounced vertically than horizontally. Reaction times also differed according to
visual stimuli presentation in the upper or lower visual field, indicating that attentional
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resolution is greater in the lower than in the upper visual field. This is in line with the
lower field vertical bias of the ambient extrapersonal realm stated in Previc’s model (refer
to Table 1 on page 18).
Wittmann et al. (2006) adapted Summala’s and Lamble’s paradigm and added a far distance display, simulating a HUD with the outside world. Subjects were to perform a driving task and react to a red traffic light while completing a readout task on one of eight
different displays (Figure 8) using a trackball and buttons.
For high-workload conditions, reaction times were shortest for two specific displays,
namely the HUD simulation (F) and an HDD mounted to the windshield just above the
speedometer (A). Unfortunately results of this study are solely discussed from a twodimensional view-point, even though when adding display F, authors introduced a third
dimension into the experimental setting. From a two-dimensional perspective, the only
common characteristic of displays A and F is that they share the same visual field with the
outside world task. From a three-dimensional viewpoint, however, it would have been
interesting to see whether both displays were located in the extrapersonal realm. Display
A does appear to be within arm-reach for some, but certainly not for all drivers. Subjective workload measures did not reflect objective findings (reaction times and error rates)
where only the best rated display (A) differed from the worst rated (E) and other than that
no significant differences occurred.

Figure 8. Experimental Setting, adapted from an unpublished sketch by Peter Gugg, courtesy of
Marc Wittmann

Horrey et al. (2003) compared HUD and HDD displays in a dual-task setting with baseline trials of the single driving task. Note that in all studies of this research group, the
HUD was simulated on the same display as the outside world. Performance measures of
interest were lane-keeping, speed maintenance and response times to critical events (lane
obstacles and lane drift of oncoming vehicles). Workload was modulated by manipulating
visibility (low and high fog conditions) and by introducing a numeric side-task (reading
10-digit telephone numbers) in the dual-task conditions. Results showed that the driving
task was always protected, i.e. there were no effects of display type
(HUD/HDD/Baseline) for lane position and speed control. Horrey et al. (2003) suggest
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that vehicle control does not exclusively rely on focused vision, but utilizes ambient vision and can therefore be time-shared with the side-task which utilizes focused vision.
This is in-line with findings reported above with the forced vision paradigm. However, it
would suggest that reaction times to critical events (lane obstacles and lane drift) would
reveal a difference, since hazard detection is assumed to utilize focused vision. The effect
of display type was significant, but the difference between the two displays in the dualtask conditions (HUD/HDD) was not, even though the authors do identify a trend with
slower responses to lane obstacles for the HDD. Keeping in mind that according to Previc, there are more than two perceptual realms, the authors’ interpretation can be questioned. When task-specific information processing in all four perceptual realms is assumed, it could simply be the case that hazard detection is a task which is superiorly
performed in the near domain (peripersonal space) while lane keeping and speed maintenance are superiorly performed in the far domain (extrapersonal space). A reported effect
of side-task degradation in the HDD compared to the HUD condition could well have
been due to head-movements necessary when completing the task head-down, i.e. to increased access costs. Subjective Workload measures in this experiment – in contrast to
Wittmann et al. (2006) - did reveal a preference for the HUD compared to the HDD
(Baseline < HUD < HDD).
Liu and Wen (2004) conducted a simulator study with commercial vehicle operators in an
experimental set-up similar to the one of Horrey et al. (2003). The number of subjects
participating in the experiment was fairly small, with only 12 drivers in a 2*2*2-design.
Their results shall still be briefly reported here. Subjects performed a primary driving task
and speed maintenance, lane position and steering wheel angle were measured. Other than
in the previously described studies, there was no additional side-task, but HUD and HDD
were utilized to present assistive speed and navigational information (numbers, arrows).
They found that speed maintenance and speed detection was superior using the HUD
compared to the HDD, while there were no significant differences for lane position and
steering wheel angle. However, those variables relied on information from the outside
scene and were not assisted via display information. Critical events (road and vehicle
condition signs) were detected faster when presented on the HUD compared to the HDD.
Note that the authors did not collect response times to hazards in the outside world. However, they did present roadside information and subjectively measured their visibility. For
the question “Was the information appearing on the roadside easy to see?” there was a
trend towards higher difficulty ratings for the HUD. The survey was supposed to be an
operationalization of stress load. It can be questioned whether stress was really what was
measured. What the authors actually collected was subjective data on noticeability of objects in the outside world and results indicate attentional tunneling.
Tsimhoni and Green (2001) challenged the time-sharing notion of ambient and focal view
in the automotive domain. They found that adding a secondary task significantly degraded
driving performance (more lane departures, more wandering in the lane), indicating that
the (focal) in-car map-reading task cannot be time-shared with the (ambient) lane keeping
task. The more demanding the road, the shorter were glances to the map. Overall glance
time per task only decreased slightly, though, since more glances were made. The authors
utilized a visual occlusion paradigm to test whether any information at all from the outside world was absorbed while completing the in-car side task. When drivers looked
down at the HDD, the road scene was grayed out. They found no significant differences
between driving performance in the occlusion condition (no road scene) compared to
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driving performance while looking inside the car (road scene still present but not focused)
to read the map for an equivalent period of time.
According to Horrey and Wickens (2004) task interference is related to a) access costs
and b) perceptual processing costs. However, in most of the studies comparing HUD and
HDD information presentation reported above, authors hardly put any emphasis on perceptual processing costs. Most effects are solely explained by differences in access costs,
as is certainly plausible as far as HUD- and HDD-displays are concerned, when a driver
has to move her head in order to complete both tasks. Yet when visual information for
both tasks is presented in the same visual field and in “foveal vision” access costs are
reduced to the time needed to accommodate the eyes to a new perceptual depth. Differences may therefore be better explained using the depth dimension and the notion of two
different perceptual realms in 3D-space. While the importance of focal and ambient vision is stressed in most of the studies reported above, perceptual realms are only examined from a two-dimensional point of view rather than utilizing peri- and extrapersonal
realms. Wickens et al. (1998) describes the primary visual attention lobe (PVAL, Figure
9) as the area attention is focused on while driving and states that the most critical situations for driving safety are those that draw a driver’s attention away from this area. This
includes roadside scanning (extrapersonal realm) just as looking at an in-car infotainment
system (peripersonal realm).

Figure 9. Primary visual attention lobe, adapted from Wickens et al. (1998)
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Wickens does not make any assumptions on attention allocation inside the lobe, specifically not along the depth dimension. Even though the PVAL is a three-dimensional area, it
is not being interpreted as such.
Foyle et al. (1991) were interested on how visual information must be presented on HUDs
in order to improve pilots’ performance. Research from this group (see also Foyle et al.,
1995 and 2001 or Levy et al., 1998) differs from all research reported above, in as far as
information was presented in the peripersonal realm only, i.e. on a computer monitor
65cm in front of the subjects. Findings do, however, give insights on how attention is
allocated between information of different visual nature, i.e. between a simulated world
and a simulated HUD. Authors addressed two aspects of HUD information presentation:
Frame of reference and cognitive tunneling.
Frame of reference
Visual information presented on the simulated HUD in experiments by Foyle et al. (1991,
1993, 1995 and 2001) was designed in two different ways: 1. aircraft referenced and 2.
world referenced, i.e. objects either shared visual characteristics of the aircraft or were
superimposed on the outside world and shared world characteristics, respectively. Authors
found that when high pictorial information (similar to the outside world) instead of numbers were used to present altitude information, flight performance improved. They suggested that when visual information similar to the outside world was introduced, HUD
and world then shared the same frame of reference and were perceived as one (Gestalt
principle of Similarity), which improved attentional processing. Foyle et al. (1998) found
that symbology projected at a specific location in the scene rather than at a fixed location
on the screen (“scene-linked symbology”), undergoing the same optical transformations
as real-world objects do while the aircraft is moving, additionally improves performance
(Gestalt principle of Common Fate).
Cognitive tunneling
An important issue in superimposed symbology and aircraft is cognitive tunneling, a phenomenon which was identified in the early stages of HUD design research. Crawford and
Neal (2006) have reviewed selected literature dealing with perceptual and cognitive issues associated with HUDs in aviation. They identified cognitive tunneling as one of the
main attentional problems in the use of HUDs, which causes an impairment of pilots’
ability to detect events in the outside world because of their attention being captured by
the information on the windshield. This is especially important when two tasks, both depending on focal vision, compete for limited resources. Foyle et al. (1993) and Dowell et
al. (2002) succeeded in showing that cognitive tunneling can be eliminated by placing
HUD information at least eight degrees apart from the out-the-window point of interest
(i.e. the flight path). Additionally, Dowell et al. found that presenting HUD information in
the upper portion of the visual scene improved performance also. This is not in line with
Previc’s model, which suggests a lower field vertical bias in the peripersonal realm (refer
to Table 1). However, authors hypothesize that this effect is specific to the setting in as far
as there was reduced clutter and background motion in the upper field (sky) as opposed to
the lower field (ground). Yeh et al. (1998) showed that cognitive tunneling can be mediated by the use-of world-referenced symbology as described above (Frame of reference) in
a sense that unexpected events (hazards) are detected faster when the digital symbology
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(in this case visualized on a head-mounted display) shares characteristics of the simulated
outside scene.
Industrial research and development resulted in a number of HUD applications on automobile windshields, which can regularly be purchased today. GM11 has been presenting
speed information for years, Volvo12 recently introduced a new collision warning system
and BMW13 presents speed, route guidance (similar to Toyota), and infrared night vision.
Chevrolet additionally uses the windshield to present telltale warnings and the high beam
indicator. However, HUDs have not been accepted as a standard solution for everybody,
but have rather found their way into much specified application fields with highly trained
operators, e.g. aviation. Manufacturers and users are still careful on the matter, with few
insights and inconsistent findings on how visual information in 3D space is generally processed and how presenting additional information in perceptual depth really influences a
person’s behavior and performance and in the end, distracts the driver from the primary
driving task.
As described above, much research has compared HUD and HDD displays and concluded
that utilizing HUDs increases driving safety by reducing eyes-off-the-road time (see also
Nowakowksi et al., 2002). However, simply moving visual information from the cockpit
into the driver’s field of view does not satisfactorily solve the problem of driver distraction. There has been some work on how visual information should be presented on a
HUD, from a two-dimensional design perspective (e.g. Tsimhoni et al., 2001). Charisses
et al. (2007) went a step further by not just changing the display location of visual information. They suggest the enhancement of in-car entertainment system functionality by
making it adaptable to traffic situations and driver workload. Authors proposed a HUDInterface for handling phone calls, Instant Messages and e-mails while driving. They
identified interruptability as a key factor of in-car infotainment systems in order to comply with existing laws and norms/standards (e.g. EN ISO 9241-10) and made an effort to
adapt their system to a driver’s workload. Incoming telephone calls were presented either
green or red depending on the traffic situation, a countdown cloud was supposed to inform the driver about when a phone call will be interrupted by the system because of a
higher demanding traffic situation coming up, and the number of missed phone calls,
SMS and e-mails was presented, which could only be opened when the car was stopped.
However, there was no discussion on how much stress was induced by such adaptive systems and what type of compensating behavior on the driver’s side was to be expected. It
can be assumed that there is no added benefit in knowing how many messages a driver
has missed so far, but that such information can indeed be very distracting.
Developing adaptive in-car infotainment systems and displaying visual information on the
windshield are two steps in the right direction towards increasing driving safety. Howev-

11

http://www.chevrolet.de/modelle/camaro, retrieved on September, 28th, 2012

12

http://www.volvocars.com/de/explore/concept_you/pages/default.aspx, retrieved on September, 28th,
2012

13

http://www.bmw.de/de/de/newvehicles/6series/coupe/2011/showroom/connectivity/coloured_hud.html,
retrieved on September, 28th, 2012
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er, more attention has to be turned to where and which visual information should be presented within the driver’s visual field and fundamental research on visual information
perception in three-dimensional space will have to give more insight into visual processing and task performance in general.
Figure 10 shows how the above described theory and applied research leads to the experimental part of this thesis by influencing research questions and hypotheses and through
the segmentation of complex tasks in aviation and automobile driving into laboratory
tasks of a more general and fundamental type.

Figure 10. Outline of this thesis
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3
3.1

Method
Tasks

Research reported above has mainly dealt with automobile driving and aviation. This
specificity of the application domain is due to the fact that information presentation in
perceptual depth has - with the introduction of HUDs into cockpits and vehicles - been of
interest in these domains for decades, while technologies for 3D-information presentation
in other domains are quite new (Streitz et al., 2007). However, with the progression of
technological development against the background of Ubiquitous Computing and Augmented Reality (AR), other application fields are of increasing importance in this context,
e.g. production (e.g. Reiner et al., 1998, Sarval et al., 2005), navigation (e.g. Biocca et al.,
2006), or Smart Homes (e.g. Hammond et al., 1996, Intille, 2002). The Tangible Media
Group at MIT Media Lab have designed a number of applications for social interaction
(Chang et al., 2001, Bonanni et al., 2006), sports (Ishii et al., 1999), infotainment (Ishii &
Ullmer, 1997, Ishii, 2004) and work (Ishii et al., 1998). Tasks in these applications differ
widely, but can still be classified according to their requirements on information detection
and processing.
Thus, this thesis aims at investigating human processing of 3D-visual information from a
general perspective, independent of an application domain, clarifying important basic
principles in a fundamental research setting and thereby enabling developers to apply
results to any given technological system.
The historical importance of automobile driving and aviation application as previous,
current, and certainly also future, triggers for attention and perception research in 3D is
taken into account by considering both driving and flight tasks in the experimental task
design, as shown in Figure 11. This will allow the additional interpretation of laboratory
results in comparison to previous applied studies.

Figure 11. Experimental task development

3.1.1

Automobile driving and Aviation

Tasks associated with driving a vehicle can be grouped into two categories: 1. lower order
tasks (Wickens et al., 1998) or primary tasks (Timpe, 2001), including lateral and vertical
vehicle control and 2. higher order tasks (Wickens et al., 1998) or secondary tasks
(Timpe, 2001), including navigation, communication, processing of board computer feedback and other non-driving tasks. Lower order tasks are additionally grouped into a) vehicle control and b) hazard awareness, including detection and identification of the object
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and selection and execution of the appropriate action. This is in line with earlier threelevel models of the road user task (e.g. Michon, 1985).
Lower order tasks associated with the flight task can similarly be grouped into a) tracking
and flight control and b) situation awareness. According to Wickens et al. (1998), the difference between aviation and vehicle control is that tasks in aviation require more communication, navigation is more difficult and input has lower bandwidth, with more tolerance for deviations. Thus, task types are similar, but difficulty, workload and weight
differ.
3.1.2

Tasks in general

Lacey and Lacey (1970) have described different stressors they used in physiological
studies, which produced task-specific physiological response patterns. Mental arithmetic,
reversed spelling, making up sentences and noxious stimulation lead to an increase of
heart rate and heart rate variability, while attending to photoflashes, white noise or a dramatic recitation resulted in a decrease of both parameters. The authors characterized the
reaction to the two groups of stimuli as rejection and intake of the environment, respectively. In the first group with cardiac acceleration, tasks require internal cognitive elaboration (calculating, putting together letters and words) and in the case of the cold pressure
test (noxious stimulation) simply the suppression of the unpleasant feeling. Perception of
the environment is therefore not necessary and undesired, thus the environment is rejected. In the second group with cardiac deceleration, tasks require attention to visual and
auditory stimuli in the environment, thus the environment is taken in.
Norman’s (1993) notion on experiential and reflective cognition resembles Lacey and
Lacey’s (1970) classification. Tasks that are completed in experiential mode require environmental intake. An individual has to perceive and/or react to stimuli from the outside
world. Responses in this mode of cognition are automatic and not reflected upon, efficient
and effortless. By contrast, reflective cognition utilizes conscious engagement in the task,
e.g. planning or decision making. Once input from the outside world is attained, environmental intake is no longer necessary but instead hinders and detracts from the problem
solving process, the forming of new ideas and novel responses.
Lacey and Lacey’s (1970) and Norman’s (1993) two-level view of tasks can be aligned
with Wickens et al.’s (1998) and Timpe’s (2001) lower and higher order tasks and will be
pursued in the following. Sample laboratory paradigms for experiential or lower order
tasks are visual search - serial (Raymond, 1992) or parallel (Treisman and Gelade, 1980)
- visual oddball (Joseph et al. 1997), or multi target tracking (Trick et al., 2004). Examples for paradigms of reflective nature are word-stem completion (Buckner et al., 1996),
statement verification (Ochsner et al., 2001), mental rotation (Shepard and Metzler,
1971), and embedded figures (Gottschaldt, 1926), Close Call Stories (Drews at al., 2004),
Backward Counting (Talland, 1967, Olsson and Burns, 2000), word generation (Recarte,
2000), or mental arithmetic (Mack and Rock, 1998, Forn et al., 2006).
According to an individual’s skill-level, reflective tasks may be completed with little cognitive effort or even automatic. Thus, for highly trained individuals, an original reflective
task might become experiential (Norman, 1993). This matter of previous knowledge is
considered in the psychological construct of fluid and crystallized intelligence (Cattel,
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1963), where the basic construct of intelligence, i.e. the ability to perform cognitively
demanding tasks, is split by the degree of previous knowledge utilization. In contrast to
crystallized intelligence, fluid intelligence does not depend on any previous knowledge
and is therefore independent of an individual’s cultural background, education or training.
It is utilized to solve new and unfamiliar problems.
A second dimension that cognitive tasks vary on, is verbal or non-verbal intelligence
(Asendorpf, 1999). Non-verbal tasks can be either figural (e.g. mental rotation) or numeric (e.g. backward counting). The intelligence construct of the Intelligence-Structure-Test
2000 R (I-S-T 2000 R by Liepmann et al., 2001), which forms the basis for most of the
tasks utilized in this thesis’ laboratory studies, accounts for both the fluid/crystallized dimension and the verbal/non-verbal dimension. It is a test-battery for individual intelligence diagnostics containing nine sub-tests for reasoning and three for knowledge and
allows the computation of both a fluid and a crystallized intelligence score. Of the nine
reasoning tests, three are of verbal nature (sentence completion, verbal analogies and similarities), three of numeric nature (calculations, number series and numeric signs) and
three are figural (figure selection, cubes and matrices). When all nine are administered, an
overall score for reasoning can be calculated. Thus, the construct suggests that overall
intelligence consists of verbal, numeric and figural intelligence. In contrast to reasoning,
the knowledge part of the test battery is culture specific. It is also divided into verbal,
numeric and figural knowledge (one test each).
In order to test for task-specificity in the processing of visual information in threedimensional space, reflective tasks in all experiments reported in this doctoral thesis were
either chosen directly from the I-S-T 2000 R or constructed in the style of those and according to the underlying intelligence construct. The construct and the utilization of the
battery’s tasks are compatible with real life tasks as they might occur in numerous application fields of 3D human machine interaction, where verbal, numeric and figural intelligence is utilized commonly, and both fluid and crystallized intelligence, are important.
Other constructs/batteries, which include social and musical intelligence (e.g. Gardner,
1993), creative dimensions (e.g. BIS-test by Jäger et al., 1997) or memory (e.g. Sternberg,
1985) might only apply to certain domains.
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3.2

Experimental Set-up

Figure 12. Schematic representation of the experimental set-up

The realized experimental set-up allows presentation of visual information in two different perceptual depths, utilizing a transparent screen in the near distance, which overlays
information presented on the far screen (Figure 12).
Visual information was presented in a horizontal viewing angle of 33.5° and a vertical
viewing angle of 25.5°. The near display was approximately 39cm in width and 29cm in
hight and was visualized through projection on a 50’’- HoloProTM 3 i-PrOS Touch by pronova Projection Systems, a transparent screen with holographic film imbedded in nonreflecting glass. The screen was mounted to a stand and located within arm’s reach of the
subjects to comply with the above described theoretical considerations concerning periand extrapersonal space. The wall projection, i.e. visual information in the extrapersonal
space, was approximately 280cm in width and 210cm in height. Near and far displays
were 4m apart. LCD-Projectors were affixed to the ceiling. To provide the best possible
quality of visual perception, the laboratory was darkened throughout each experimental
run. Responses were either made orally or via a mouse which was placed in the subject’s
hand.
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4

Experiments

4.1

Experiment 1: Numeric Intelligence

The first experiment was designed to test for general differences in processing visual information in two perceptual realms. Two different tasks had to be completed, one of experiential14 and one of reflective nature. Dependent variables were reaction time and errors.
4.1.1

Procedure and material

The experiential task was a simple object detection task, where subjects had to detect
white smiley pictures which appeared at a random location on the screen15 every one to
nine seconds. As soon as subjects reported the detection by saying “ja16”, smileys disappeared and after a break of another one to nine seconds, the next smiley followed. The
reflective task was of numeric nature and based on the paced auditory serial-addition test
(PASAT, Gronwall, 1977). A first addend appeared, followed by a second addend, which
was followed by a sum and a question mark. Subjects were to press the left mouse button
when the displayed sum was right and the right mouse button, when the sum was wrong.
In the following, only one addend was shown, which had to be added to the second addend of the last calculation. An example:
2

2

4?

3

5?

1

8?

7

9?

2

9?

The first calculation (2 + 2 = 4) is right and would have to result in a left button press. The same holds true
for the second equation (2 + 3 = 5). The third equation in our example (3 + 1 = 8) is false and would have to
result in a right button press. The same holds true for the fourth equation (1 + 7 = 9), while the last is right
again (7 + 2 = 9).
Subjects got to practice the arithmetic task and the experiment was only started when they stated
that they had fully understood it.

Table 2 describes the experimental design. In the first part of the experiment, subjects
only completed one task at a time with the purpose of getting used to the setting and the
tasks. Each of those trials lasted 2 minutes. In B1 (Object Detection, OD) smileys were
presented in the near perceptual realm, i.e. on the HoloProTM. In B2, smileys were presented in the far perceptual realm, i.e. on the wall. Similarly, in B3 and B4 (Numeric/arithmetic task, N) numbers were presented on the HoloProTM and on the wall, respectively.

14

Note that in the first three experiments, the definition of experiential cognition is a very narrow one, i.e.
tasks with the least amount of necessary cognitive processing were utilized to maximally differentiate
between the two task types and attain the biggest group differences possible.

15

Either near or far, depending on the trial.

16

German for yes

34

Table 2. Experimental design of Experiment 1 (OD = Object Detection, N = Numeric/arithmetic task,
* indicates increased difficulty level)
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In T1 (test trial one) smileys were presented in the near realm, while numbers were presented in the far realm, vice versa in T2 (Figure 13). Thus, both tasks had to be completed
in parallel.

Figure 13. Test trial two (T2).

In T3 and T4, difficulty was to be added to the tasks by introducing colors to the object
detection task (OD*) and using two-digit numbers for the calculations (N*). Smileys were
now either red or green and subjects were only to report the green ones. Each test trial had
a duration of 3.5 minutes. Trials were presented randomly to eliminate order effects.
4.1.2

Hypotheses

Data Analyses were led by the following hypotheses:
•

H1 Task-Specificity: Reaction times and error rates differ according to depth plane
and task type, due to task-specific processing of visual information in perceptual
depth.
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H2 Workload: Indicative effects for task-specific processing are more pronounced
in high than in low workload conditions

•

4.1.3

Results

The test sample consisted of 4517 subjects (29 female) with a mean age of 29.1 (range:
20-65 years), mostly university students. Subjects were recruited via PESA18.
Reaction times were log-transformed19 and data20 analysed using SPSS. Group means
were compared via analysis of variance (ANOVA) and differences were further investigated using one-sample t-tests. Independent variables were task, depth and difficulty; dependent variables were reaction time and error rate. Due to error rates close to 0 in all
trials and thus no differences between trials, error rates were not further included in the
analysis. Reaction time differences are reported in the following.
The three-way ANOVA revealed an expected main effect of task (F(1,44) = 59.63,
p < .001, partial 2 = .581) with faster response times for the object detection in comparison to the arithmetic task, a main effect of depth (F(1,44) = 6.3, p < .05, partial 2 = .128)
with faster response times in the far plane compared to the near plane and a main effect of
difficulty (F(1,44) = 98.38, p < .001, partial 2 = .696) with faster response times in easy
trials in comparison to difficult trials. See Table 3 for means and standard errors.
Table 3. Means (and standard errors) for main effects
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17

Sample size was rather high because of the explorative nature of the experiment. There were no prior
assumptions concerning the effect size.

18

The PESA-database (“Psychologischer Experimental-Server Adlershof”) is an online recruiting system
hosted by the Institute of Psychology at Humboldt University, Berlin, Germany and was kindly made
available to PhD-candidates at the Prometei Research School.

19

Note that logarithmic transformations are commonly used to normalize reaction-time data, which is due
to the fact that this type of data is typically right skewed (Kohn, 2005).

20

Note that outlier analysis was conducted for all studies reported in the following. However, since eliminating data did not lead to major changes in effects or effect sizes and to achieve a consistent, comparable and recognizable report, original data formed the basis of all results reported in this thesis
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All interaction effects were significant. Please refer to Appendix A for means and standard errors.
•

There was a task*depth effect (F(1,44) = 5.95, p < .05, partial 2 = .121) which was
solely due to differences in the numeric task (t(44) = 2.56, p < .05). Reactions were
faster when numbers were presented in the far distance in comparison to the near
distance.

•

There was a task*difficulty effect (F(1,44) = 17.94, p < .001, partial 2 = .294), revealing that difficulty was not manipulated equally for both tasks. The increase in
reaction times from the low to the high difficulty condition was lower for the object
detection task (148%) than for the numeric task (182%).

•

There was a small depth*difficulty effect (F(1,44) = 4.65, p < .05, partial 2 = .098),
due to differences in the difficult tasks (t(44) = 2.29, p < .05). Reaction times were
faster in the far plane in comparison to the near plane.

Results on interaction effects led to further investigation of the difficulty factor and its
operationalization. Following H2, the factor was included to increase workload, which
has been shown to modulate, namely increase, effects associated with visual processing
(refer to sections 2.2 and 2.3). However, this goal was neither achieved for the detection
task nor for the numeric task. While utilizing two-digit numbers in the difficult numeric
task decreased the depth-effect21, utilizing colored smileys instead of white ones even
diminished it22.
Two alternative conclusions for the detection task can be drawn: 1. There is no deptheffect for the object detection task, or 2. The operationalization of the difficulty factor did
not increase workload. This second conclusion is indeed plausible, since selecting stimuli
to respond to instead of simply responding to all does cause some mental effort, but also
results in much fewer active responses. Red and green smileys were presented randomly
in a ratio of 1:1, thus leading to half as many necessary responses in T3 and T4 in comparison to T1 and T2 and actually decreasing workload related to time pressure. This may
also be applied to the difficult numeric task, where subjects might have compensated for
increased mental workload by taking more time23 and thus reducing quantitative workload.

21

When reaction times for near and far visual information presentation were compared,
t(44) = -3.07, p < .01 in the simple numerical trials was greater than t(44) = -2.21, p < .05 in the more
difficult numerical trials.

22

When reaction times for near and far visual information presentation were compared,
t(44) = -2.52, p < .05 in the simple detection trials was significant, while t(44) = .29, p > .1 was not.

23

Refer to the task*difficulty interaction effect reported above.
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In conclusion, the difficulty factor was dropped and analyses were repeated with only two
factors, namely depth and task, and only for T1 and T2. The two-way ANOVA revealed
an expected main effect of task (F(1,44) = 25.99, p < .001, partial 2 = .371) with faster
response times for the object detection (0.95 sec) in comparison to the arithmetic task
(1.44 sec) but no main effect for depth plane.
The interaction between task and depth was significant (F(1, 44) = 11.4, p < .01, partial 2
= .206). T-tests revealed that for both, the detection task (t(44) = -2.52, p < .025) and the
arithmetic task (t(44) = -3.07, p < .01), depth plane had an effect on reaction times: The
detection task was solved faster in the near plane, while the arithmetic task was solved
faster in the far plane (Table 4).
Table 4. Means and standard errors for reaction times (in seconds), Experiment 1
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Note that depth plane did not have an effect in trials B1 and B2 (t(44) = .56, p > .1),
where object detection was executed singularly. Thus, it only seems to appear in dual-task
settings where resource limits are reached and resources have to be allocated between the
two tasks24.
Hypotheses were partially supported:
•

H1 Task-Specificity: Reaction times for the arithmetic/numeric task were faster in
the far plane than in the near plane. Reaction times for simple object detection were
faster in the near plane in comparison to the far plane. This does support the notion
of task-specific processing of visual information in perceptual depth. However,
there were no depth differences for the more difficult object detection task (i.e. sequential visual search), which could be due to less time-pressure and a resulting
lack of resource competition, as in the baseline trials. Also, there were no differences for error rates due to near to perfect task completion.

•

H2 Workload: Effects were only apparent in dual-task trials, but not in single task
trials. This does support the notion of a modulating effect of workload on visual
processing. However, operationalization of workload within tasks in the dual-task

24

B3 and B4 could not be compared due to a technological problem which led to the total loss of B4 data.
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setting was troublesome. Difficulty was only increased in the mental arithmetic
task, but not in the object detection task.
4.2

Experiment 2: Verbal Intelligence

Experiment two aimed at generalizing effects on experiential and reflective cognition. For
this purpose, both tasks were varied within the two task classes. Smileys were changed to
letters and distractors were added, and the mathematical task was replaced by a task utilizing verbal intelligence. An additional objective of the experiment was to examine
whether subjects’ performance benefits from visual information presentation in two instead of just one perceptual depth plane.
4.2.1

Procedure and material

The experiential task was a serial search task. The material was adapted from the d2-test
(Brickenkamp, 2002). In comparison to the simple object detection task of the first experiment, this serial detection utilized distractors, meaning that subjects were only to react to
certain stimuli (d’s) and ignore others (p’s and q’s). This does involve some type of filtering and thus more cognitive processing than the simple object detection task. According
to observations from the difficulty implementation in Experiment one, stimuli were not
presented randomly every one to nine seconds but instead paced at five seconds. The aim
of this modulation was to avoid the reduction of workload associated with time-pressure
as might have taken place in the more difficult tasks of experiment one. As soon as subjects reported the detection by saying “ja”, target letters disappeared and after a five second-break, the next letter followed. Distractors disappeared without response after five
seconds. The reflective task was of verbal nature and based on the BIS-Test (Jäger et. al,
1997) and additional material (Reichel, 2005). A group of three words appeared which all
shared a common theme. Subjects then had to judge the belonging of a target word to that
previously seen group (Figure 14). They were to press the left mouse button when the
displayed word belonged to the theme and the right mouse button, when it did not. Subjects got to practice the verbal task and the experiment was only started when they stated
that they had fully understood it.

Experiment
Versuch

Untersuchung

Beobachtung

Figure 14. Verbal task25

25

Note that all subjects were native German speakers. Translation of the sample is as follows: “experiment, trial, observation”  “investigation”

39

Table 5 describes the experimental design. In the first part of the experiment, subjects
only completed one task at a time with the purpose of getting used to the setting and the
tasks. Each of those trials lasted two minutes. In B1 (Object Detection, OD*) letters were
presented in the near perceptual realm, i.e. on the HoloProTM. In B2, letters were presented in the far perceptual realm, i.e. on the wall. Similarly, in B3 and B4 (Verbal task, V)
words were presented on the HoloProTM and on the wall, respectively.
Table 5. Experimental design of Experiment 2 (OD* = Object Detection (letters), V = verbal task, N =
Numeric/arithemtic task as in Exp 1, OD = Object Detection as in Exp 1)
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In T1 (test trial one) letters were presented in the near realm, while words were presented
in the far realm, vice versa in T2. Thus, both tasks had to be completed in parallel. Again,
each test trial had a duration of 3.5 minutes and test trials were presented randomly.
T3 and T4 were implemented to investigate the two-plane benefit. Tasks from experiment
one were displayed either in the near plane or in the far plane, both. Data from these trials
was to be compared to T1- and T2-data from experiment one in a between-subjects design.
4.2.2

Hypotheses

Data Analyses were led by the following hypotheses:
•

H1 Task-Specificity: Reaction times and error rates differ according to depth plane
and task type, due to task-specific processing of visual information in perceptual
depth.

•

H2 Two-Plane Benefit: Reaction times are faster and error rates are lower when
visual information is presented in two instead of just one depth plane, due to improved resource allocation and parallel processing.

4.2.3

Results

The test sample consisted of 4426 subjects (24 female) with a mean age of 28.5 (range:
19-70 years). Again, subjects were recruited via PESA.

26

Sample size was kept approximately equal to experiment one to optimize analyses for H2 (betweensubjects design).
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Reaction times were log-transformed and data was analysed using SPSS. Statistical analyses were conducted according to hypotheses.
To test for H1, group means for T1 and T2 were calculated and compared via analysis of
variance (ANOVA) and differences were further investigated using one-sample t-tests.
Independent variables were task and depth, dependent variables were reaction time and
error rate.
The three-way ANOVA for reaction times revealed an expected main effect of task
(F(1,43) = 287.38, p < .001, partial 2 = .87) with faster response times for the serial detection task (1.05 sec) in comparison to the verbal task (1.62 sec) and no main effect of
depth.
There was only a task*depth interaction trend (F(1,43) = 3.29, p < .1, partial 2 = .07127)
which was due to differences by trend in the detection task (t(43) = -1.69, p < .1). Reactions were slightly faster when letters were presented in the near distance (1.02 sec) in
comparison to the far distance (1.08 sec). Error rates for the detection task were close to
zero and did not reveal any significant group differences. Error rates for the verbal task
were significantly (t(43) = -4.88, p < .001) higher in the far (32.2%) in comparison to the
near domain (20.8%).
To test for H2, group means for T3 and T4 (experiment two) and T1 and T2 (experiment
one) were calculated and compared via analysis of variance (ANOVA)28 and differences
were further investigated using independent-samples t-tests29. Independent variables were
task, depth and number of depth planes30.
The three-way ANOVA for reaction times revealed an expected main effect of task
(F(1,43) = 22.24, p < .001, partial 2 = .341) with faster response times for the simple
detection task in comparison to the numeric task and no main effects of depth and number
of depth planes. For error rates, there were main effects for all three independent factors:
Error rates were significantly higher (F(1,43) = 72.25, p < .001, partial 2 = .627) in the
numeric task compared to the object detection task. The main effect for depth revealed
higher error rates (F(1,43) = 9.02, p < .01, partial 2 = .173) for the far in comparison to
the near plane. And error rates were significantly higher (F(1,43) = 11.79, p = .001, partial
2 = .215) when tasks were displayed in one depth plane in comparison to the utilization

27

Note that effect size is negligibly small.

28

Note that this seemed feasible, since arithmetic task baseline data for both samples did not reveal any
significant differences (p = .574). Due to their different cognitive processing demands, object detection
task baselines were not compared, however.

29

This is true where the between-factor number of depth planes was involved. Interaction-effects involving
only task and depth were further investigated using one-sample t-tests.

30

Note that one and the same task was never presented in two different depth planes. When two planes
were utilized, one task was presented in one depth plane (either HoloProTM or wall) while the other task
was presented in the other depth plane.
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of both, the HoloProTM and the wall. For means and standard errors please refer to Appendix B.
The following interactions were observed (see also Appendix C):
•

There was a significant task*depth effect (F(1,43) = 6.1, p < .05, partial 2 = .124),
due to the detection task (t(88) = -3.34, p = .001), which was solved faster when
stimuli were presented in the near plane in comparison to the far plane. As far as error rates are concerned, this interaction was only apparent by trend (F(1,43) = 3.73,
p < .1, partial 2 = .080) with slightly higher error rates in the far plane compared to
the near plane (t(44) = 2.65, p < .05 for both tasks).

•

There was a task*number of planes effect (F(1,43) = 9.26, p < .01, partial 2 = .177,
see Figure 15) which was due to significant differences in the detection task (t(87) =
2.65, p = .01). Reactions were faster when visual information was presented in two
perceptual depth planes instead of just one (either near or far).

Figure 15. The task*number of depth planes interaction effect for reaction times31

This interaction was also significant for error rates (F(1,43) = 11.35, p < .05, partial
2 = .118, see Figure 16), where post-hoc tests revealed group differences for both

31

Bear in mind that one and the same task was never split between two depth planes. ”Single depth”
means that both tasks (object detection and the arithmetic task) were presented in the same depth plane,
i.e. data belongs to experimental sample two (T3 and T4). “Two depth planes” means that the object detection task was presented in one perceptual depth while the arithmetic task was presented in the other,
i.e. data belongs to experimental sample one.
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tasks. Error rates were higher when only one depth plane was utilized32 in comparison to two depth planes.

Figure 16. The task*number of depth planes interaction effect for error rates

•

There was a depth*number of depth planes effect (F(1,43) = 8.32, p < .01, partial 2
= .162 for reaction times and F(1,43) = 5.73, p < .05, partial 2 = .118 for error
rates), i.e. tasks presented in the far depth plane were solved faster and with fewer
errors (t (87) = 3.49, p = .001) when the concurrent task was presented in the near
plane (i.e. when two visual depth planes were utilized for information presentation)
compared to presentation in the far plane. Tasks presented in the near plane did not
reveal any significant post-hoc analysis differences as far as reaction time is concerned, however, error rates were smaller (t(87) = 2.08, p < .05) when two planes
were utilized in comparison to presentation of both tasks in the near plane.

•

Additionally, there was a three-way interaction between task, depth and number of
depth planes, i.e. all three independent variables (F(1,43)=13.28, p = .001, partial 
2
= .236). The simple object detection in the near plane was performed faster (t(87)
= 3.06, p < .01) when the concurrent numeric task was presented in the far plane instead of in the near plane as well. The detection task in the far plane was performed
faster (t(87) = 2.07, p < .05) when the concurrent numeric task was presented in the
near plane instead of in the far plane as well. This is in line with the afore mentioned two-way interaction between task and number of depth planes. By trend, the
numeric task in the near plane however, was performed faster (t(87) = -1.82, p < .1)
when the detection task was presented in the near plane as well, instead of in the far
plane. Error rates for the numeric task in the far plane where higher (t(87) = -3.61, p

32

Detection task: By trend, probably due to error rates close to zero: t(87) = 1.85, p < .1; numeric task:
t(87) = 3.28, p = .001
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= .001), when the detection task was completed in the far plane as well in comparison to when two planes were utilized, i.e. the detection task was presented in the
front. Error rates for the numeric task in the near plane were by trend higher (t(87) =
-1.91, p < .1), when the detection task was presented in the near plane as well in
comparison to the far plane (see Figure 17). This is in line with the afore mentioned
two-way interaction between task and number of depth planes. There were no significant differences in the near plane for the detection task. However, there was a
trend for detection task error rates in the far plane (t(87) = -1.77, p < .1), which
were slightly higher when the numeric task was performed in the far plane as well
in comparison to the utilization of two depth planes.

Figure 17. Depth*number of depth planes interaction for error rates in the numeric task

Hypotheses were partially supported:
•

H1 Task-Specificity: Reaction times and error rates do differ according to depth
plane and task type, which has been supported by several interaction effects of the
independent factors task and depth. However, there have only been advantageous
effects for performance in the near plane: The object detection task was solved faster and with fewer errors when stimuli were presented in the near plane. Error rates
for the reflective tasks (verbal and numeric) were smaller in the near plane with no
differences for reaction times.

•

H2 Two-Plane Benefit: Presenting visual information in two depth planes instead of
just one does influence reaction times and error rates. Results show a clear twoplane benefit. However, this effect is task-specific also. While reaction times for the
detection task improve with the utilization of a second depth plane, they are stable
for the numeric task. Error rates benefit from a second depth plane in both tasks and
in several different settings (see three-way interactions).

44

4.3

Experiment 3: Figural Intelligence

Experiment three aimed at further generalizing effects on experiential and reflective cognition. For this purpose, both tasks were again varied within the two task classes. The
detection task was simplified again, to test whether a) the increased amount of cognitive
processing (filtering) or b) the utilization of letters instead of symbols (smileys) led to the
reduction of the depth-effect for this task type in experiment two in comparison to experiment one. The verbal task was replaced by a task utilizing figural intelligence. An additional objective of the experiment was to examine the notion of a two-plane benefit further by adjusting the experimental set-up in a within-subjects design.
4.3.1

Procedure and material

The experiential task was a simple search task. The material was the same as utilized in
experiment two, while the instruction was similar to experiment one, i.e. subjects were to
react to everything they saw, no matter which letter appeared. Thus, all stimuli were declared targets. Letters were presented every one to five seconds and subjects had to react
by saying “ja” again. The reflective task was of figural nature and material was constructed according to the I-S-T 2000 R (Liepmann et al., 2001). Stimuli in this task had to be
mentally rotated. A first geometrical object (presented for five seconds) had to be compared to a subsequent one, which was either simply rotated (left button press) or additionally altered, e.g. mirrored (right button press, see Figure 18 ). The decision was followed
by a one second-pause before the next object appeared and the task started anew. Presentation times for this task where derived from a pretest (n=5), which was conducted prior
to the main experiment to determine the time needed to memorize the initial figures.

Figure 18. The figural task. Note that in order to achieve maximum transparency of the
HoloProTM, in all experiments stimuli where presented white on black (i.e. transparent).Table 6 describes the experimental design. In the first part of the experiment, subjects
completed one task at a time. Each of those trials lasted two minutes. In B1 (Object Detection, OD) letters were presented in the near perceptual realm, while in B2 they were
presented on the far wall. Similarly, in B3 and B4 (Figural Task, F), figures were presented on the HoloProTM and on the wall, respectively.
Table 6. Experimental design of Experiment 3 (OD = Object Detection, F = Figural task)
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In T1 letters were presented in the near realm, while figures were presented in the far
realm, vice versa in T2. In T3 both tasks were presented in the near realm. In T4 both
tasks where presented in the far realm. Each test trial lasted 3.5 minutes and test trials
were presented randomly.
To examine the two-plane benefit and the meaning of peri- and extrapersonal spaces further, the experimental set-up was varied in a test- and control group design. As shown in
Figure 19, the distance between subjects and the HoloProTM was systematically varied.

Figure 19. Experimental set-up modulation

While participants in the test group had to execute the tasks in two different perceptual
depth planes, i.e. in the near realm within hand-reaching distance and in the far realm four
meters away from their position (as in previous experiments), the control group only performed in one perceptual realm. There, both tasks were projected in the extrapersonal
realm, with the HoloProTM moved 1.6 meters towards the wall but the subject’s position
staying the same.
4.3.2

Hypotheses

Data Analyses were led by the following hypotheses:
•

H1 Task-Specificity: Reaction times and error rates differ according to depth plane
and task type, due to task-specific processing of visual information in perceptual
depth. This is only true for the test group and not for the control group.

46

H2 Two-Plane Benefit: The benefit of utilizing two instead of just one perceptual
depth for visual information presentation is due to differential processing and resource allocation between the two perceptual realms (namely the peripersonal realm
and the extrapersonal realm), not just to different locations in the z-dimension (i.e.
the effect is discrete instead of steady).

•

4.3.3

Results

The sample consisted of 35 subjects (19 female) with a mean age of 28.1 (age-range: 1949 years). Again, subjects were recruited via PESA. Participation in one of the previous
experiments was a criterion for exclusion.
Participants were randomly assigned to either the test or the control group. Groups did not
differ significantly in age or gender. However post-hoc analyses revealed that the test
group performed significantly slower on the figural task in all trials, even when the set-up
was per se equal to that of the control group33 (t(33) = 3.14, p < .01). Thus, analysis was
conducted separately for both groups.
Reaction times were log-transformed and data was analysed using SPSS. Group means
were compared via analysis of variance (ANOVA) and differences were further investigated using one-sample t-tests. Independent variables were task, depth and number of
depth planes, dependent variables were reaction time and error rate.
The three-way ANOVA for reaction times in the test group revealed an expected main
effect of task (F(1,18) = 347.2, p < .001, partial 2 = .951) with faster response times for
the detection task (0.73 sec) in comparison to the verbal task (1.61 sec) and a main effect
of depth (F(1,18) = 9.68, p < .01, partial 2 = .350) with faster response times in the near
plane (1.12 sec) compared to the far plane (1.21). There was no main effect for the factor
number of planes. Also, there was no significant interaction effect. Both, the detection
task34 and the figural task were solved significantly faster35 on the near HoloProTM (0.7
sec and 1.55 sec) compared to the far wall (0.76 sec and 1.66 sec, respectively). There
were no significant effects for error rate.
The three-way ANOVA for reaction times in the control group revealed an expected main
effect of task (F(1,18) = 91.3, p < .001, partial 2 = .859) with faster response times for
the detection task (0.71 sec) in comparison to the verbal task (1.43 sec) and a main effect
of depth (F(1,18) = 5.78, p < .05, partial 2 = .278) with faster response times in the near
plane (1.04 sec) compared to the far plane (1.11). There was no significant main effect for
the factor number of planes. There was no significant interaction effect. However, post-

33

i.e. in T4.

34

Note that this replicates findings from experiment one, where the task was the same, but the material
was different. In experiment two, where the material was the same but the task was different, the effect
was much smaller. Thus, the depth-benefit for experiential tasks seems to increase with decreasing cognitive processing demands.

35

t(18) = -2.45, p < .05 and t(18) = -2.78, p < .05, respectively
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hoc one-sample t-tests revealed that in the control group, the near-plane benefit-effect
only reached significance in the detection task ((15) = -2.98, p < .01, near: 0.68 sec, far:
0.78 sec), while reaction times for the figural task did not differ significantly (p > .1).
There were no significant effects for error rate.
While hypothesis one was partially supported, hypothesis two was not:
•

H1 Task-Specificity: There were no task-specific effects regarding performance
benefits. Both tasks were solved faster in the peripersonal space with no differences
in reaction time. However, the near-plane benefit was only apparent when the figural task was presented in the peripersonal space (i.e. in the test group). There were
no differences when differing distances within the extrapersonal realm were examined (i.e. in the control group). This supports the notion of differential processing.

•

H2 Two-Plane Benefit: The benefit of utilizing two instead of just one perceptual
depth for visual information presentation could not be replicated.

4.4

Experiment 4: Reasoning and Knowledge

The aim of experiment four was to generalize and finalize investigations on taskspecificity and to examine the two-plane benefit further, including subjective measures.
Additionally, differences between tasks utilizing reasoning and tasks utilizing knowledge
– following explanations on the intelligence construct in chapter 3.1.2 – were examined.
For this purpose, several different reflective tasks were utilized: numeric, verbal and figural tasks in both, the reasoning and the knowledge class. Tasks were based on the I-S-T
2000R (Liepmann et al., 2001). The experiential task of experiment one was applied.
4.4.1

Procedure and material

The experiential task was a simple object detection task, where subjects had to detect solid white circles, which appeared at a random location on the screen. As soon as subjects
reported the detection by pushing a foot pedal36, circles disappeared and after a one to
nine second break, the next circle followed. There were nine different tasks for assessing
reasoning, three numeric (calculations, number series and signs), three verbal (sentence
completion, verbal analogies and similarities), and three of figural nature (figure selection, cubes and matrices). Knowledge was also assessed numerically, verbally and figuratively coded (see Figure 20). The difference between the two classes is the amount of
previous knowledge involved. While knowledge tasks lead to answers from memory, reasoning tasks require problem solving and decision making, including the elaboration of
different possible solutions. Responses were collected via mouse button clicks and verbally, depending on the task. A reflective task was followed by a one to nine-second break.

36

Note that this adaptation of the initial task was necessary due to more complex answering formats in the
reflective tasks and the need to utilize audio recording there.
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Figure 20. Sample tasks of experiment four37

Table 7 describes the experimental design. In the first part of the experiment38, subjects
again completed one task at a time, in the near and in the far plane each. Each of those
trials lasted two minutes. In T1 circles were presented in the near realm, while numeric,
verbal and figural knowledge tasks were presented randomly but evenly distributed in the
far realm, vice versa in T2. In T3 circles were presented in the near realm, while numeric,

37

Translation: numerical: How many bits are in a byte?; verbal: Which country does Greenland belong to?
a) Canada, b) Iceland, c) Russia, d) USA, e) Denmark; Wood : Trees = Lawn : ? a) Grass, b) Hay, c)
Feed, d) Green, e) Meadow; figural: What is this? a) Circle, b) Ellipse, c) Cuboid, d) Cylinder, e) Pyramid

38

Not in the figure
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verbal and figural reasoning tasks were presented randomly and evenly distributed in the
far realm, vice versa in T4. In T5 circles and knowledge tasks were presented in the near
realm. In T6 both tasks where presented in the far realm. In T7 circles and reasoning tasks
were both presented in the near realm and in T8 in the far realm. Each trial lasted three
minutes39 and test trials were randomized. After each test trial, subjects were asked to
judge their perceived strain on the effort scale (Eilers et al, 1986), which ranges from zero
to 220 and allows continuous ratings, while helping with seven verbally defined anchors
(e.g. somewhat straining (“einigermaßen anstrengend”) at about 75 or exceedingly straining (“außerordentlich anstrengend”) at about 205).
Table 7. Experimental design of Experiment 3 (OD = Object Detection, k = knowledge, r = reasoning)
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4.4.2

Hypotheses

Data Analyses were led by the following hypotheses:
H1 Task-Specificity: Reaction times, error rates and perceived strain differ according to depth plane and task type, due to task-specific processing of visual information in perceptual depth. Effects do also appear in mixed-task trials as utilized in
this experiment.

•

•

H1a Intelligence Factors: There are differences according to the three intelligence factors (numeric, verbal and figural intelligence).

•

H1b Intelligence classes: There are differences according to the two intelligence classes (reasoning and knowledge).

H2 Two-Plane Benefit: There is a benefit of utilizing two instead of just one perceptual depth plane for some, but not for all task types. Thus, the two-plane benefit is
task-specific also.

•

4.4.3

Results

The sample consisted of 20 subjects (7 female) with a mean age of 29.8 (age-range: 18-45
years). Again, subjects were recruited via PESA. Participation in one of the previous experiments was a criterion for exclusion.
To achieve maximum interpretability, the two intelligence dimensions numeric/verbal/figural and reasoning/knowledge were treated separately. In a first analysis, in-

39

Note that trials were shortened due to the greater amount of trials in this experiment in comparison to
previous experiments. Total test time was to be one hour maximum to not overexert subjects.
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dependent variables were task (object detection, knowledge, reasoning), depth and number of depth planes. There, intelligence factors were collapsed. In a second analysis, reasoning and knowledge were collapsed with independent factors depth, category (numeric,
verbal, figural) and number of depth planes. In a third analysis, these independent factors
were examined separately for the knowledge and reasoning tasks. Dependent variables
were reaction times, error rates40 and self-experienced strain41.
4.4.3.1 Reasoning and Knowledge
The three-way ANOVA for reaction times with collapsed intelligence factors revealed an
expected main effect of task (F(2,18) = 94.54, p < .001, partial 2 = .913) with faster response times for the detection task in comparison to the knowledge task and the reasoning
task. The three-way ANOVA for error rates resembles findings for the factor task (F(1,19)
= 79,32, p < .001, partial 2 = .807) with lower error rates for the knowledge task in comparison to the reasoning task. This is also in line with effort scale ratings, which revealed
significantly higher strain (F(1,19) = 41.14, p < .001, partial 2 = .720) for reasoning tasks
in comparison to the knowledge tasks. Other than that, there were no significant effects
for subjective effort ratings. There was a depth trend (F(1,19) = 3.02, p < .1, partial 2 = .137) with slightly faster response times in the near plane compared to the far
plane. There was also a trend for error rates (F(1,19) = 3.88, p < .1, partial 2 = .169) with
slightly fewer errors in the near compared to the far plane, which indicates a possible
time/error trade-off. While there was no main effect of number of planes in reaction time
and subjective effort data, there were significant group differences for error rates (F(1,19)
= 9.68, p < .01, partial 2 = .337), i.e. more errors were made, when two depth planes
were utilized compared to one depth plane42.
The task*depth interaction was significant for reaction times (F(2,18) = 4.65, p < .05,
partial 2 = .341), which was solely due to the object detection task, i.e. circles were detected faster (t(19) = -2.62, p < .05) in the near plane than in the far plane43. There were
also several two-way interaction effects for error rates:
•

The task*depth interaction was significant (F(1,19) = 10.69, p < .01, partial 2 = .360). Knowledge tasks were solved better in the near plane in comparison
to the far plane (t(19) = 3.87, p < .001, see Figure 21). Group differences for the
reasoning task did not reach significance (p > .1).

40

Due to error rates close to zero, there were no significant differences for the object detection task. Thus,
only error rates for the knowledge and the reasoning tasks will be reported.

41

Note that due to the collection of strain ratings after each experimental trial had been completed, analyses concerning the factor category were not possible. Verbal, numerical and figural tasks were presented randomly within a trial.

42

For means and standard errors please refer to Appendix D

43

For means and standard errors please refer to Appendix E.

51

Figure 21. Task*depth interaction of error rates for collapsed intelligence factors

•

There was a significant task*number of depth planes interaction (F(1,19) = 5.81, p
< .05, partial 2 = .234), which was solely due to group differences for the reasoning
task (t(19) = -3.12, p < .01): Error rates were higher when two planes were utilized
(61,3%) instead of presentation of concurrent tasks in only one depth plane (49%).
This is in line with and explains the afore mentioned main effect of number of depth
planes.

•

There was a significant depth*number of depth planes interaction (F(1,19) = 10.32,
p < .01, partial 2 = .352). Post-hoc tests revealed that a) tasks in the near plane
were solved better when the concurrent task was presented in the near plane as well
(t(19) = -4.04, p = .001) and that b) tasks in single-depth settings were solved better
in the near compared to the far plane (t(19) = 4.02, p = .001).

Additionally, there was a significant three-way interaction of task, depth and number of
depth planes for reaction times. Post-hoc tests revealed the following group differences:
•

Reactions to the object detection task in the near plane were faster (t(19) = 2.61, p <
.05), when the concurrent reflective task was presented in the far plane instead of in
the near plane as well.

•

Reaction times to circles were only faster in the near plane in comparison to the far
plane, when two depth planes were utilized (t(19) = -3.22, p < .01). When both
tasks were presented in only one depth plane, object detection times did not differ
according to depth (near or far).

•

When object detection and knowledge task were presented in different depth planes,
the knowledge task was solved faster in the far plane (t(19) = 2.78, p < .05), while
when object detection and knowledge task were presented in the same depth plane,
the knowledge task was solved faster in the near plane (t(19) = -3.04, p < .01, see
Figure 22).
52

Figure 22. Depth*number of depth planes interaction effect in the knowledge task

Table 8 gives a summary of the effects described above by reporting means and standard
errors for the factors task, depth and number of depth planes and highlighting the best
possible set-up for each task.
Table 8. Means and standard errors (in parentheses) for the factors task, depth and number of depth
planes. Bolds are best settings for each task in terms of performance.
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4.4.3.2 Numeric, verbal and figural intelligence
The three-way ANOVA for reaction times with collapsed knowledge and reasoning factors revealed an expected main effect of category (F(2,18) = 61.04, p < .001, partial 2 =
.872) with faster response times for the verbal task in comparison to the figural task,
which was completed faster than the numeric task. Other than that there were no significant main or interaction effects for the variable reaction time. The three-way ANOVA for
error rates with collapsed knowledge and reasoning factors also revealed the expected
main effect of category (F(2,18) = 5.83, p < .05, partial 2 = .393) with lower error rates
for the verbal task in comparison to the numeric task, which had lower error rates than the
figural task. The factor depth did not reach significance, but there was a very small effect
by trend, indicating that tasks were solved slightly better in the near compared to the far
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plane. There was a significant effect of number of depth planes with higher error rates in
two planes in comparison to one plane.44 There were no significant two-way interactions,
but the three-way interaction category*depth*number of depth planes was significant
(F(2,18) = 6.77, p < .01, partial 2 = .429). Further analysis of this interaction revealed
that the above reported main effect of number of depth planes was mostly due to differences in the verbal task: Error rates for the verbal task solved in the near plane were significantly higher (t(19) = 3.744, p = .001) when the concurrent task was presented in the
far plane (42.8%) in comparison to presentation in the near plane (29.2%) as well. There
were no such differences for the numeric task, while the effect was revealed for the figural task by trend. Interestingly, when verbal tasks in the far plane are concerned, the opposite is the case: Error rates for the verbal task presented on the wall are significantly higher (t(19) = 3.744, p < .05) when the concurrent task is presented in the far plane as well
(47.9%) in comparison the near plane, i.e. the utilization of two depth planes (40%, see
Figure 23). Accordingly, when verbal tasks are solved in the same plane as the concurrent
task, error rates are higher in the far plane in comparison to the near plane (t(19) = 4.65, p
< .001).

Figure 23. Error rates for the verbal task with collapsed knowledge and reasoning data

4.4.3.2.1

Knowledge and category

To gain insights into category effects in relation to knowledge and reasoning, in a third
step of the analysis category, depth and number of depth planes were examined separately
for the knowledge and reasoning tasks. The three-way ANOVA for the knowledge task
revealed the following:
There was a significant main effect of depth (F(1,19) = 4.6, p < .05, partial 2 = .196)
with slightly shorter reaction times in the near (5.40 sec) compared to the far depth plane

44

Note that these two effects are already known from Chapter 4.4.3.1. Refer to page 66 for details.
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(5.83 sec) and also lower error rates in the near compared to the far plane (F(1,19) = 10.2,
p < .01, partial 2 = .349, 29% and 37%, respectively).
There were several two-way interaction effects. For means and standard errors please
refer to Appendix F.
•

There was a significant depth*category interaction (F(2,18) = 4.06, p < .05, partial
2 = .311). Post-hoc tests revealed that both, verbal45 and numeric46 knowledge
tasks were solved faster in the near plane than in the far plane, while there were no
group differences for the figural task. Error rates analysis resembles findings on reaction times47: Error rates for both, the verbal48 and the numeric49 knowledge tasks
were lower in the near plane in comparison to the far plane, while there were no
group differences for the figural task.

•

There was a significant depth*number of depth planes interaction for reaction times
(F(1,19) = 9.16, p < .01, partial 2 = .325). This effect was already discovered in the
above reported ANOVA with collapsed categories.

•

There was a significant category*number of depth planes interaction for both, reaction times (F(2,18) = 25.86, p < .001, partial 2 = .742) and error rates (F(1,19) =
4.13, p < .05, partial 2 = .305). Post hoc tests revealed that this effect was due to
group differences in the numeric and figural tasks, but not in the verbal task. The
numeric task was solved faster (t(19) = -3.83, p = .001, see Figure 24) and with
fewer errors by trend (t(19) = 2.00, p < .1, see Figure 25) when two depth planes
were utilized, while the figural task was solved faster (t(19) = 4.82, p < .001) and
with
fewer
errors
(t(19) = -2.30, p < .05) when concurrent tasks were presented in only one depth
plane.

45

t(19) = -3.36, p < .01

46

t(19) = -3.469, p < .01

47

(F(2,18) = 5.54, p < .05, partial 2 = .381)

48

t(19) = 4.16, p = .001

49

t(19) = 2.89, p < .01
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Figure 24. Reaction times in the category*number of depth planes interaction effect

Figure 25. Error rates in the category*number of depth planes interaction effect

The three-way interaction was significant for both, reaction times (F(2,18) = 4.69, p <
.05, partial 2 = .342) and error rates (F(2,18) = 4.13, p < .05, partial 2 = .314). Significant group differences are briefly reported in the following (for means and standard errors
please refer to Table 10 in Chapter 4.4.3.2.2):
•

Reaction times
•

Verbal and figural tasks in the near plane are solved faster when the object detection task is presented in the near plane instead of in the far plane.

•

Verbal and numeric tasks in the far plane are solved faster when the object detection task is presented in the near plane instead of in the far plane as well. In
56

contrast, figural tasks in the far plane are solved faster when the object detection task is presented in the far plane instead of in the near plane.
•

•

When only one depth plane is utilized for presentation of both the object detection and the knowledge task, verbal and numeric tasks are solved faster in
the near plane in comparison to the far plane.

Error rates
•

Error rates for verbal tasks in the near plane are higher when the concurrent
task (i.e. the object detection task) is presented in the far plane compared to
presentation in the near plane as well. However, error rates for verbal tasks in
the far plane are higher when the concurrent task is presented in the near
plane as well in comparison to the far plane.50

Figure 26. Error rates for the verbal knowledge task

50

•

Error rates for the numeric task in the near plane are higher when the concurrent task is presented in the near plane as well in comparison to presentation
in the far plane.

•

Error rates for the figural task in the far plane are by trend higher when the
concurrent task is presented in the near plane in comparison to presentation in
the far plane as well.

•

When only one depth plane is utilized for presentation the object detection
and the knowledge task, error rates for verbal tasks and numeric tasks (by
trend) are higher in the far plane in comparison to the near plane.

Note that this gives further insight into the missing category*number of depth planes effect for verbal
tasks shown in Figure 24 and Figure 25 and resembles the effect for collapsed knowledge and reasoning
data (Figure 23).
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4.4.3.2.2

Reasoning and category

The three-way ANOVA for the reasoning task revealed the following:
There was a significant main effect of category (F(2,18) = 71.85, p < .001, partial 2 =
.894) with shorter reaction times for the verbal task compared to the figural task and the
numeric task and lower error rates (F(2,18) = 7.96, p < .01, partial 2 = .469) for the verbal task in comparison to the numeric task and the figural task. Table 9 shows means and
standard errors for this effect. Additionally, there was a main effect of number of depth
planes for error rates (F(1,19) = 6.29, p < .05, partial 2 = .249) with lower error rates
when reasoning and object detection tasks were presented in only one depth plane (50%)
instead of two (59%).
Table 9. Means (and standard errors) for the main effect of category
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There was a two-way interaction trend of depth*number of depth planes for reaction
times (F(2,18) = 3.23, p < .1, partial 2 = .151). This effect was already discovered in the
ANOVA with collapsed categories.
There was a significant three-way interaction effect for error rates (F(2,18) = 4.12, p <
.05, partial 2 = .314). Significant group differences are briefly reported in the following
(for means and standard errors please refer to Table 10):
•

The verbal reasoning task in the near plane was solved better when the concurrent
detection task was presented in the near plane as well in comparison to presentation
in the far plane.

•

The numeric reasoning task in the far plane was solved better when the concurrent
detection task was presented in the far plane as well in comparison to presentation
in the near plane.

•

When only one depth plane was utilized, error rates for the verbal reasoning task
were smaller in the near plane than in the far plane.
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Table 10. Means and standard errors (in parentheses) of reaction times and error rates for knowledge
and reasoning and verbal (v), numeric (n) and figural (f) tasks. Bolds are best settings for each task in
terms of performance.
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Hypotheses were partially supported:
•

H1 Task-Specificity: Reaction times and error rates differed according to depth and
task in the mixed-task trials utilized in experiment four. In the dual-task setting,
some tasks were solved faster and with fewer errors in the near plane, some in the
far plane, and for some it did not make a difference. Mixing tasks within a trial did
not lead to a dissolve of effects observed in experiments one through three. However, there were no differences for perceived strain.
•

H1a Intelligence factors: There was no significant category*depth two-way
interaction with collapsed intelligence classes.

•

H1b Intelligence classes: Knowledge tasks were solved with fewer errors in
the near plane in comparison to the far plane, while there were no overall
group differences for reasoning tasks as far as data with collapsed intelligence
factors were concerned.

There were some interactions between intelligence factors and intelligence classes,
which indicated that visual information is processed differently according to depth
plane and task type. Some tasks were solved faster and with fewer errors in the near
plane, some in the far plane and for some, there was a time*error trade-off.
•

H2 Two-Plane Benefit: There was a benefit of utilizing two instead of just one
depth planes for some, but not for all task types. Thus, the two-plane benefit is taskspecific also. Additionally, it is also depth-specific. For some tasks, the two-plane
benefit is apparent in the near plane, for some in the far plane. In other settings, one
plane was clearly superior over two depth planes.

59

In sum, plane and depth benefits are very differential and cannot be generalized for task
types51. Effects are specific to particular settings. Table 11 depicts results from all four
experiments in a more explicit way and summarizes positive and negative effects on performance measures (time and error) in relation to display number (one or two) and location (near or far).
Table 11. Summary of results (+ and – are positive and negative effects of display location on task
performance)
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4.5

Excursus: Do effects hold true for virtual 3D-space?

When visual perception in real 3D is concerned, one of the questions most in demand is
whether or not results are applicable for virtual 3D-realms also. This is not a trivial question since, as described in Chapter 2.1, differences in information perception and processing in space are related to the physical location of visual information in relation to the
observer and the resulting differences of neuronal processing. In virtual 3D-space, however, visual information is in fact projected onto one screen, i.e. one physical location in
space, but only perceived to be located in different depth planes. Thus, due to the lack of
a physical difference of the visual information, it is rather unlikely that there would be
any processing differences. The distance from the observer of a virtual object is solely

51

i.e. not as classified in this thesis.
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varied by adjusting the horizontal shift of two object duplicates on the display and thus
changing the vergence angle of the eyes. The visual focus (i.e. accommodation), however,
is always on the display, not on the perceived object (see Figure 27).

Figure 27. Real (top) and virtual (bottom) depth perception

This chapter attempts to give some first evidence on the applicability of the above reported research to virtual 3D settings by describing the reproduction of experiment one
(Chapter 4.1) in a Cave Automated Virtual Environment (CAVE), an immersive virtual
reality projection system. Insights in this matter are especially of interest in the design of
driving and flight simulators, which rely on the comparability of the real and virtual environment.
4.5.1

Procedure and material

The experiment was conducted in cooperation with Fraunhofer IPK and Berlin University
of Technology, and data was collected by Ms. Anne Ostheimer in the course of her master’s thesis. The utilized CAVE is located at Fraunhofer IPK and consists of 5 walls (see
Figure 28).
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Figure 28. Cave Automated Virtual Environment utilized in the reported experiment, courtesy of
Lars Wolter, Fraunhofer IPK, Berlin

Besides the projection method, the set-up was kept equal to experiment one in the real
3D-setting. Distances from the observer and object sizes were kept the same and tasks
and durations were identical (object detection and simple arithmetic task). The experimental design was expanded by including the factor number of depth planes, which was
not originally part of experiment one, but was only examined starting in experiment two
(see Table 12).
Table 12. Experimental design of the CAVE experiment (OD = Object Detection, N = Numeric/arithmetic task)
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4.5.2

Hypotheses

Data analyses were led by the following hypotheses:
•

H1 Task-Specificity: Reaction times and error rates do not differ according to depth
plane, due to the lack of physical differences of the presented visual information for
each task.

•

H2 Two-Plane Benefit: Reaction times and error rates do not differ according to the
number of depth planes utilized to present the two concurrent tasks. There can be no
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improved resource allocation attributed to two instead of one depth planes, when information is really only presented in one depth and the second depth is just an illusion.
4.5.3

Results

The test sample consisted of 22 students (9 female) with a mean age of 28.0 (range: 19-42
years). Subjects were recruited via student volunteer bulletin boards at the University of
Technology.
Reaction times were log-transformed and data was analysed using SPSS. Group means
were compared via analysis of variance (ANOVA) and differences were further investigated using one-sample t-tests. Independent variables were task, depth and number of
depth planes; dependent variables were reaction time and error rate. Due to the fact that
error rates were close to 0 for the object detection task, they were not further included in
the analysis. Reaction time differences are reported in the following, along with error
rates for the arithmetic task.
The three-way ANOVA for reaction times revealed an expected main effect of task
(F(1,21) = 19.27, p < .001, partial 2 = .479) with faster response times for the object detection (0.84 sec) in comparison to the arithmetic task (1.02 sec) and a trend for depth
(F(1,21) = 3.74, p < .1, partial 2 = .151) with slightly faster response times in the far
plane (0.92 sec) compared to the near plane (0.94 sec). There was no main effect of number of depth planes. Other than an interaction of depth*task by trend (F(1,21) = 3.41, p <
.1, partial 2 = .140), there were no significant interaction effects. Post-hoc tests revealed
a significant group difference for the arithmetic task (t(21) = 2.13, p < .05) with shorter
reaction times in the far plane in comparison to the near plane (see Figure 29). Differences for the object detection task were not significant. Error rates for the numeric task
ranged from 4.3% in the near/one depth setting to 5.6% in the far/one depth setting. Differences did not reach significance.

Figure 29. The depth*task trend for reaction times in the CAVE experiment
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Hypotheses were partially supported:
•

H1 Task-Specificity: While the near plane-benefit for the object detection task has
been the most robust effect in the real 3D-experiments, it was not apparent in the
virtual setting. Reaction times did not differ according to depth plane. However, the
far plane-benefit for the arithmetic task from the real 3D-setting was reconfirmed in
the virtual 3D-setting.

•

H2 Two-Plane Benefit: As expected, reaction times and error rates did not differ
according to the number of depth planes utilized.

In consideration of the profound difference between experiment one and the CAVE experiment concerning the experimental set-up and information visualization, it does not seem
worthwhile to compare data of the two samples statistically.
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5

Discussion

Following explanations in Chapters 1 and 2, there are three different backgrounds results
will need to be discussed against: 1. Human perception in 3D space from a neurological
perspective, 2. Mental resources and 3. Application to human-machine interaction. The
first will deal with the factor depth and discuss the status quo of neuro-psychological research concerned with locating specific cognitive functions in the human brain. The second will deal with the factor number of depth planes and discuss whether presentation of
information in different depth planes enables parallel processing, against the background
of Wicken’s (2002) multiple resource model and his applied research (refer to Chapters
2.2 and 2.3). The third will discuss chances and limits of the application of this thesis’
research into different areas of human-machine interaction.
5.1

Perception in 3D space – The depth factor

Previc’s (1998) neuro-psychologically based model on 3D interaction not only defines
four different perceptual realms, but also assigns functions and visual sensory systems to
them (refer to Table 1 on page 18). This implicates that some locations are better suited
for certain visual information than others. However, the model does not make any suggestions on informational content. It rather names physical attributes of an object (e.g. form,
color, motion) and bodily interaction skills (e.g. grasping, consumption, locomotion, target orientation).
The two-streams hypothesis (ventral and dorsal visual pathways, refer to Figure 5 on page
16) would suggest differential processing for the object detection task and the reflective
tasks. While it can be assumed that reflective tasks have always been in focal view (numbers, words and figures must have been focused in order to complete the tasks), objects of
the experiential tasks were probably detected utilizing ambient vision. Performance differences between the two have been clearly shown. However, differences within the reflective task class cannot be explained therewith.
Results reported in this thesis show that object location (i.e. perceptual realm) influences
visual information processing in a very task-specific manner. While overall simple object
detection and cognitively demanding task performance both benefit from presentation in
the near plane, there were several examples of superior performances in the far plane
when differential task characteristics are considered (e.g. numeric tasks, figural
knowledge tasks). Some tasks revealed time-error trade-offs: While numeric knowledge
tasks were solved fastest in the far plane, error rates were significantly lower in the near
plane. This finding from experiment four qualifies results from experiment one, which
already indicated the far depth benefit for reaction times.
Verbal processing does not seem to be particularly sensitive to depth: In experiment two,
error rates for the verbal task were lower in the near in comparison to the far plane when
tasks were presented in two different perceptual depth planes and in a ‘pure’ setting, i.e.
with only verbal tasks throughout the whole trial. These findings were qualified in experiment four, however, where reaction times and error rates always benefited from the
presentation of the concurrent object detection task in the near plane, irrespective of
where the verbal task was presented (refer to Figure 26 on page 57). Trials in the later
65

experiment were mixed, i.e. all three intelligence factors were presented within one and
the same trial. This difference in setting might have led to contradicting results.
In contrast to verbal tasks, figural processing was not as much influenced by the concurrent task. Performance data of the figural reasoning task was best in the near plane, regardless of where concurrent task information was presented (refer to Table 10 on page
59). This qualifies results from experiment three, which already indicated a near plane
benefit for a different figural reasoning task as far as reaction times are concerned. Bear
in mind, that this effect disappeared in the control group setting where in the “near” condition, information was presented in the extra-personal realm also and only distance within that realm was varied. This shows that figural processing is very sensitive to depth, i.e.
figural reasoning tasks do benefit from visualization in the peri-personal realm at all
times. Note that this is not true for figural knowledge tasks, where the factor depth was of
much less influence on performance than the factor number of depth planes. This indicates processing differences between reasoning and knowledge sensitive to this thesis’
experimental settings.
As described in Chapter 2.1, information perception in 3D-space has successfully been
linked to the anatomy of the human brain. In addition, specific visual and motor functions
have been ascribed to the four neuropsychologically grounded perceptual realms. Thus, if
functional mapping of cognitive processes to the human brain could be achieved, it might
be feasible to explain results reported in this thesis in a neuroscientific context. However,
different cognitive processes examined in this thesis (verbal, numeric, figural intelligence
and reasoning and knowledge) cannot as clearly be linked to peri- and extrapersonal
realm as functions reported in Table 1 on the basis of solely performance measurements.
Furthermore, neuropsychological research has not lead to functional maps of the brain in
a manner that could facilitate considerations on interferences or advantages of specific
cognitive processing pathways or areas. Speech, for example, has been localized in
Brodmann areas 22 (Wernicke’s area, temporal) and 44/45 (Broca’s area, frontal), most
often in the left hemisphere (see Figure 30). But these structures are assumingly responsible for speech comprehension and production, respectively, and their definitions do not
entail verbal intelligence as examined in this thesis. Also, this functional anatomy originated in the 19th century and is controversial, especially because of being underspecified
(a much more complex architecture is suggested) and - to some extent – empirically
wrong (Poeppel & Hickok, 2004).
The situation is similar for spatial cognition and figural processing, while neuroscientific
knowledge about numeric processing has increased lately.
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Figure 30. Brodmann areas in the human brain (17 = primary visual cortex, 22 = Wernicke’s area,
44/45 = Broca’s area), adapted from Gray (1858)

The localization of cognitive functions in the human brain has a long tradition. Electroencephalography (EEG) has been the leading non-intrusive52 method for decades, while
positron emission tomography (PET) and functional magnetic resonance imaging (fMRI)
are more promising, but also very recent techniques (please refer to Dolan (2008) for a
brief summary of modern neuroimaging techniques). Some achievements of functional
mapping research related to this thesis’ tasks will be reported in the following.
5.1.1

Functional mapping

Rolke et al. (2000) succeeded in measuring information specific cortical activity over the
frontal cortex for a verbal task and over the parietal cortex for a spatial task53. Interestingly, they also showed that short-term and long-term memory – which are generally regarded as two subsystems – share the same neuronal substrate. Authors conclude that memory
contents are processed in modality-specific rather than memory-type specific cortical areas. This raises the question whether knowledge and reasoning (as examined in this thesis)
share the same cortical structures, too, which would entail that only the verbal/numeric/figural dimension would have a specific cortical equivalent. However,
Ullmann (2004) confirms the existence of independent declarative and procedural

52

Note that historically, brain research was mainly conducted through dissection and autopsy, i.e. intrusively.

53

Note that this finding for spatial processing is in-line with results from lesion studies resported in Chapter 2.1, Figure 6.
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knowledge processing with two anatomically, physiologically and biochemically distinct
brain systems. This is in-line with performance results on depth benefits, which did show
processing differences: While error rates for knowledge tasks were generally higher in the
far plane, there was no such effect for the reasoning tasks. While declarative and procedural knowledge per definition are not equal to knowledge and reasoning, along with performance data, this does indicate differential processing for the two intelligence classes,
too.
Like Rolke et al. (2000), Dronkers et al. (2004) also identified some frontal areas to be
involved in verbal working memory functions when evaluating brain-injured patients.
They additionally found the middle temporal gyrus (MTG) to be involved in tying concepts to words as necessary in this thesis’s verbal tasks. Like many others, they did use
the auditory channel for information presentation instead of vision. However, Cabeza &
Nyberg (2000) reviewed several PET and fMRI studies and showed that word recognition
resulted in temporal cortex activation regardless of input modality. They also indicated
that Broca’s area, which was traditionally associated with word production is involved in
word comprehension also.
In sum, verbal processing involves several temporal and frontal cortical areas in addition
to Broca’s and Wernicke’s area, a number of connections and different pathways (see
Hickok & Poeppel, 2004 for a language model based on the concept of dorsal and ventral
visual pathways). A final topography does not exist to this day, which makes it impossible
to draw conclusions on interferences or benefits in visually processing verbal content in
3D.
Recently, Pope and Miall (2012) compared a verbal task (word generation) with arithmetic tasks of varying difficulty54 and found that cathodal transcranial direct current stimulation of the cerebellum facilitates performance in the verbal and the more difficult arithmetic task, while performance in the easier arithmetic task was not affected. This indicates
that the prefrontal cortex is involved in the two former tasks, since the cerebellum normally has a cortical inhibitory function. As far as the easier arithmetic task is concerned,
however, the prefrontal cortex is apparently not as relevant.
These new insights resemble Pauli et al.’s (1994) previous findings on mental arithmetic
and practice. They conducted a comparative EEG-study and showed that frontal lobe activity diminishes with practice. While new problems resulted in fronto-central positivity55,
trained mental multiplication problems resulted in centro-parietal positivity. Transferred
to tasks utilized in this study, this would suggest the involvement of the fronto-central
lobe in numeric reasoning tasks as utilized in experiment four and of the centro-parietal

54

Note that while the “easy” task was the PASAT (Gronwall, 1977), the “difficult” task was an adaptation
called the Paced Auditory Serial Subtraction Task (PASST). Thus, the experiment did not control for
arithmetic operation, which makes results less conclusive.

55

For a further discussion of the role of the prefrontal cortex in mental arithmetic, especially in terms of
working-memory and mental effort, please refer to Sasaki et al. (magnetoencephalographicy (MEG),
1994) and Power et al. (near infrared spectroscopy (NIRS), 2010).
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lobe in numeric knowledge tasks as utilized in experiments two and four. Numeric reasoning tasks were solved faster in the near plane, while numeric knowledge tasks were
solved faster in the far plane with lower error rates in the near plane. According to Chapter 2.1, near space information is processed in the inferior parietal lobe, near the temporoparietal junction, a region, which is thus not involved in numeric processing. The centroparietal region, which is involved in numeric knowledge tasks however, is located closer
to that region than the fronto-central lobe, which is involved in numeric reasoning (see
Figure 31). This could give implications for possible interferences, however, as mentioned above, neuroscientific data on both cognitive processes and spatial processing are
much too vague and ambiguous56 to draw conclusions of that kind.

Figure 31. Neuroanatomical structures of human brain, adapted from Gray (1858)

Rosenberg-Lee et al. (2011) recently made an attempt to differentiate between the four
basic arithmetic operations, addition, subtraction, multiplication and division and succeeded in further specifying activation and deactivation patterns within the parietal lobe,
specifically the posterior parietal cortex (PPC). Given that the cognitive strategies retrieval, calculation and inversion are differentially used to solve mathematical problems of
different basic operations, the authors expected different cortical activation, measurable
via fMRI, also. Addition was shown to result in deactivation of the right angular gyrus
(AG)57 and the right superior parietal lobe. Subtraction resulted in left activation of the

56

There have in fact been reports about the involvement of the frontal cortex in spatial neglect as well
(Halligan et al, 2003).

57

The angular gyrus is located in the inferior parietal lobe (Brodmann area 39) at the end of the superior
temporal sulcus, where parietal, temporal and occipital lobe meet.
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inter-parietal sulcus (IPS)58 and some superior parietal regions and right activation of the
AG as well. Multiplication led to several bilateral activations of the PPC, namely the IPS
and some superior parietal regions. Additionally, deactivation of the AG and the medial
superior parietal region was noted. Division resulted in bilateral activations also, namely
the IPS and the superior parietal lobe. Additionally, there was significant deactivation of
the AG and medial superior parietal region, again. This study is a big step forward as far
as neuronal mapping of cognitive functions is concerned and does indeed clearly show
that mental arithmetic, as utilized in this thesis, involves brain structures which play a role
in spatial processing as well. Addition resulted in deactivation of the AG, which is located
in the posterior inferior parietal lobe, the brain area most likely to be necessary for processing visual information in near space.
Neuroscientific investigations on mental arithmetic in near and far space could unveil
potential interferences when similar brain structures are utilized and possibly explain
faster response times for arithmetic tasks presented in the far instead of the near domain,
as observed in this thesis’ experiments.
Figural tasks have been neuroscientifically investigated especially with regard to mental
rotation and sex differences. As a main result, the right parietal cortex (including superior
and inferior regions) has been identified as a core region for mental rotation processes
along with the middle frontal cortex, which is associated with working memory59 (e.g.
Yoshino et al., 2000, Schöning et al., 2007). Harris et al. (2000) more specifically detected activation at the IPS using the regional cerebral blood flow method (rCBF). Schöning
et al. (2007) also noted bilateral activation of the occipital lobe and the cerebellum.
Mental rotation is a special case of figural intelligence in a sense that it is not only a figural intelligence task but also utilizes spatial cognition. Thus, it cannot surprise that it involves parietal activation. The task belongs to the group of figural reasoning tasks as utilized in this thesis. Following interference assumptions as described for numeric
intelligence above, this would entail better responses in the far plane. However, performance results show a near plane benefit (see Table 10). As described, several other brain
areas are involved in mental rotation, which could be one reason for the “missing” interference, but on the other hand, data is not as clear as for the mental arithmetic and, as has
been pointed out before, more neuroscientific insights into spatial cognition and visual
information processing in different perceptual depths are needed. Activation and deactivation might play a role in performance differences between numeric and figural tasks, also.
While mental arithmetic, namely addition, led to a deactivation of posterior parietal regions (Rosenberg-Lee et al., 2011), figural processing activated associated parietal processing areas (Harris et al., 2000). Thus, it could be concluded that deactivation leads to
interferences and thus degraded performance, while activation is beneficial and enhances
performance.
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i.e. the fissure that devides the superior from the inferior parietal lobe
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For the role of the prefrontal cortex in working memory see also Frith, C. and Dolan, R. (1996).
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What is all in all striking, is the fact that numeric and figural task performance in this thesis’ experiments was influenced by perceptual depth, while verbal task performance was
not. Correspondingly, neuroscientific research revealed involvement of similar structures
in spatial cognition, arithmetic and mental rotation, while verbal processing does not involve parietal activation or deactivation at all. In sum, this could be an indication of task
and depth interferences due to functional brain anatomy and addresses the need for further neuroscientific investigations on the matter.
5.2

Mental resources – the number of depth planes factor

The second main research question which guided this doctoral thesis was concerned with
mental resource allocation: Does utilizing more than one spatial depth dimension for visual information presentation lead to better performance due to improved resource allocation? Like the first question about a depth benefit in processing visual information, this
question can also only be answered in a very task-specific manner.
While the object detection task was always completed faster when two depth planes were
utilized, knowledge and reasoning tasks overall benefited from the utilization of only one
depth plane (see Table 8 on page 53). However, when cognitively demanding tasks are
observed more closely, there are some differences according to demanded intelligence
factors: Numeric knowledge tasks were solved faster and better when two depth planes
were utilized (see Table 10 on page 59). Additionally, rather easy numeric reasoning tasks
as utilized in experiment one and two were solved better in a two-depth plane setting, but
not faster (see Figure 15 on page 42 and Figure 16 on page 43). Verbal reasoning task
processing did not show any sensitivity to the number of utilized depth planes at all. Performance was always best when the concurrent object detection task was presented in the
near plane (again, see Table 10 on page 59). While figural reasoning tasks were completed fastest in the near plane, irrespective of where the concurrent task was presented and
how many depth planes were utilized.
According to Wickens (2002, refer to Chapter 2.2, specifically to Figure 7 on page 21)
performance on two concurrent tasks is always better, when two different visual perceptive realms are utilized, namely focused and ambient vision, instead of presentation in one
realm only60. Several HUD-studies reported above showed that object detection tasks
mainly rely on focused vision, while more automated driving tasks (e.g. lane keeping or
speed maintenance) do not. Additionally, verbal, numeric or figural in-car information
was mainly processed via focused vision also. However, results in experiments one
through four of this thesis show significant visual processing differences of experiential
and reflective tasks and indicate that object detection does not rely on focused vision.
More interestingly, results showed that the number of depth planes utilized does play a
role in visual resource allocation. This indicates that Wickens’ (2002) four dimensional
mental resource allocation model does not go far enough in differentiating the visual

60

Note that 3D visualization was never addressed in particular. Rather was the matter primarily examined
from a two-dimensional point of view.
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channel. It is either lacking another dimension (namely the perceptual depth dimension)
or it interprets Previc’s (1998) realm theory wrong in choosing focused and ambient vision instead of peri- and extrapersonal vision or even differentiating between all four of
the suggested realms (see Figure 32).

Figure 32. The multiple resource model (adapted from Wickens, 2002) with a questionable visual
processing dimension

Unfortunately, most HUD/HDD comparative studies (which formed the basis for the focal/ambient dimension in the multiple resource model) cannot be interpreted in terms of
peri- and extrapersonal realm because the location of the in-car display in terms of x- and
y-coordinates is usually not within the visual field when driving. It is mounted to the
middle console in most of the cases and thus does not allow any clear inferences on the zdimension, as was possible with this thesis’ experimental set-up where x- and ycoordinates of the visual information in both depth planes were kept equal.
However, Wittmann et al. (2006) utilized several in-car displays, one of which was satisfactorily close to the field of view while driving, as far as the x-y-plane is concerned.
They examined dual-task performance in an automobile driving and figural/numeric
readout condition. The readout was either presented with the outside world (on a screen in
front of the simulator) or on a display mounted just above the speedometer (refer to displays F and A, respectively in Figure 8 on page 24). Whether the in-car display was within hand-reach cannot be concluded precisely. It is very likely that this was the case for
most of the participants, but maybe not for all. Results showed that a) the two displays
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were preferred above all other in-car displays which were located within varying eccentricities from the view straight ahead and b) objective data (performance measures and
eye movements) indicated a benefit when the in-car display (A) above the speedometer
was utilized, but not for the display in the outside world (F). The subjective preference
can clearly be explained by a reduced need to move the head or take the eyes off of the
road when attending to the readout task. However, objective data showed no significant
differences between display F and all other in-car displays, which - interpreted in terms of
peri- and extrapersonal space - supports the notion of a two-depth plane benefit (when
viewing angles are similar). Performance was better when visual information from the
readout task and road information were presented in two different perceptual depths (display A) in comparison to presentation of both tasks in the far plane (display F).
In this case, peri- and extrapersonal realms and the notion of a two-plane benefit for specific tasks, can explain results better than the focal/ambient dimension in the multiple
resource model. Also bear in mind Tsimhoni and Green (2001) who challenged the notion
of ambiently processed driving information utilizing an occlusion paradigm. When drivers read a map on an in-car display, they found no significant differences in driving performance between a setting where the windshield was greyed out during the reading and a
setting where the road scene was still present and could be processed utilizing ambient
vision.
Thus, it must be concluded that the focal/ambient-dimension in the multiple resource
model cannot satisfactorily explain resource allocation in settings with multiple visual
displays in more than one perceptual depth. However, simply replacing it with a peri/extrapersonal dimension would fall short also, especially in explaining visual processing
differences in the x- and y-dimension. It is more likely that two stages within the visual
processing channel are not sufficient and that all four of Previc’s (1998) perceptual realms
have to be reexamined and considered for inclusion into the multiple resource model.
5.3

Application to human-machine interaction

The portability of laboratory results into real-life scenarios must naturally be questioned.
However, to clearly understand cognitive processes underlying specific visual tasks in a
given application space, it is vital to break the respective task down into basic operations
and analyze human performance in pure and robust laboratory settings. Once underlying
processes are clearly understood, variables leading to a more realistic setting can be introduced stepwise.
Research questions examined in this thesis did come from existing or emerging humanmachine-interaction applications and even though the described experiments were conducted in an abstract laboratory setting, possible transfer of results into practice shall be
briefly described here. Bear in mind, however, that this thesis’ experiments did neither
utilize “real-life” tasks, nor was the physical setting realistic as far as viewing angle,
lighting, or other surrounding conditions are concerned. One step towards more realistic
cognitive load was taken by introducing mixed-task trials in the fourth HoloProTMexperiment and the fact that effects were mainly retained bodes well that this could also
be the case for real-life tasks.
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Previc (2002) himself suggested the applicability of his Model of 3D Spatial Interaction
(refer to Figure 4 on page 15) in the aviation context. Considering visual processing in all
four perceptual realms, he proposed the ideal aircraft workstation, which he presumed to
lead to enhanced situation awareness and motor flexibility, as well as reduced cognitive
stress (see Figure 33).

Figure 33. The ideal cockpit (adapted from Previc, 2000)

Just as Wickens (2002), he emphasized display and interaction device location in the xand y-dimensions of the space surrounding a pilot, without paying further attention to
perceptual depth. This is most likely due to the above mentioned impossibility of HUD
studies conducted until then, to give implications on optimal display location in the third
dimension. Topographical information is presented in the ambient extrapersonal realm, in
the upper visual field, while aircraft status information is located in the peripersonal realm
and lower visual field. Altitude information is presented at the center with maps just below it. All interaction devices (a single control stick and foot petals for speed control) are
within normal reaching space.
Modern collision warning systems as introduced by Volvo and BMW or Mobileye already
implemented a new type of hazard visualization, which would be suggested by design
guidelines resulting from this thesis’ experiments also: Information about a potential hazard, which would normally have to be identified by scanning the road-side, has been
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moved inside the vehicle, i.e. from the extrapersonal into the peripersonal realm. Innovative camera and sensor systems detect a hazardous object on the road or along the roadside and warn the driver utilizing visual (and auditory) stimuli presented on the windshield, the dashboard or – in case of mobileye – on a specific hardware mounted to the
windshield. This is in line with results reported in this thesis, which showed that reaction
times to suddenly appearing objects were always faster when the object appeared in the
peripersonal realm. However, in real-life automobile driving and aviation, hazardous objects mainly appear in the outside world. Thus, the one true design option in this case is to
transfer this visual information from the outside world into the vehicle. The breaking response can follow immediately after the warning is detected61.
Applicability of this thesis’ results is also conceivable in a Smart Home context. A Smart
Home Kitchen prototype (see Figure 34) for research on information visualization has
been set up by the Chair of Human-Machine Systems at the TU Berlin, with promising
results on possible display and interaction technologies (Wegerich, 2012). Modern projection and display technologies enable information visualization in all four perceptual
realms, depending on a) location and viewing direction of the user and b) informational
content. Video, photo material, graphics or text related to different tasks in the kitchen
(food preparation, cooking, searching, reading recipes, etc.) can be projected onto the
floor, the wall, furniture or electric equipment or presented on embedded displays to facilitate the cooking process (see also Wegerich & Rötting, 2011). Similar visualization is
imaginable in other Smart Home (e.g. the living room) or personal office settings.

Figure 34. Smart Home Kitchen at the Chair of Human-Machine Systems, TU Berlin (source: Chair
of HMS)
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Note that this might not be an option for a situation where further processing of either the object in the
outside world or the warning signal is necessary and different behavioral alternatives might have to be
considered. However, from experimental results, it can be assumed that it is the optimal display for an
automatic stimulus-response mechanism.
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The three examples described above do indicate the feasibility of transferring this thesis’
laboratory results into several application domains. The applicability in a particular setting with its specific tasks and environmental properties, however, must always be examined in applied user studies.
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6

Conclusion

The aim of this thesis was to examine whether the location of visual information in threedimensional space influences human perception and processing and the answer is yes, it
does. Human information perception and processing is indeed sensitive to the perceptual
depth of visual information and to the matter of multiple utilized displays in several different locations in depth. However, there are many open questions concerning the how
and why. This thesis, with its operationalization of tasks and subtasks, did not succeed in
clearly defining optimal display locations for a group of tasks. On the contrary, it suggested several different display settings for a very-fine grained task structure. General principles to be implemented in design guidelines and clearly comprehensible instructions for
developing human-machine interfaces in three-dimensional space cannot be concluded.
Much knowledge is missing on exactly how information from the reported experiments
was processed in the brain and causes for benefits and interferences can only be assumed.
Furthermore the bridging between laboratory and field has not taken place and it cannot
be estimated how effects differ in real-life applications.
This thesis raises questions for researchers in neuroscience (e.g. Can brain anatomy lead
to interferences between cognitive and spatial processing and how? Can improved temporal and spatial sensor resolution explain performance effects better?), cognitive science
(e.g. Are there single-task settings effects can be replicated for? What about single-task
dual-plane setting? How do various combinations of tasks (same or different) influence
optimal display location in dual-task setting?) and human-machine interaction design
(e.g. Are effects robust and big enough to be relevant for human-machine applications?
Do results apply to real-life settings, i.e. are they ecologically valid? How can specific
interfaces be adjusted?). Therewith, it can initiate and provide the basis for new and exciting research.
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Appendix
Appendix A
Means and standard errors for the task*depth interaction effect, experiment one
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Appendix B
Means and standard errors (in parentheses) for main effects, experiment two
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Appendix C
Means and standard errors (reaction times and error rates) for the task*depth interaction
effect, experiment two
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Three-way interaction means and standard errors (reaction times and error rates), experiment two
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Appendix D
Means and standard errors (in parentheses) for main effects for reasoning and knowledge
(collapsed intelligence factors), experiment four
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Appendix E
Means and standard errors for the task*depth interaction effect for object detection, reasoning and knowledge (collapsed intelligence factors), experiment four
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Appendix F
Means and standard errors for the depth*category interaction effect, knowledge task, experiment four
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