




 

 

 
 

To my three girls 



 

 



 

List of papers 

This thesis includes the following scientific articles, referred to in the text by 
their Roman numerals. It is to be noted that the author of this work changed 
the surname Andersson (Paper I and II) to Lif (Paper III).  

 
I Andersson, P. & von Hofsten, C. (1999). Readability of 

vertically vibrating aircraft displays. Displays, 20, 23-30. 
  
II Andersson, P. & Alm, T. (2003). Perception aspects on 

perspective aircraft displays. Displays, 24, 1-13. 
 
III Alm, T. & Lif, P. (2007). The Value of Spatial Cues in 3D Air 

Traffic Displays. The International Journal of Aviation 
Psychology, 17 (2), 109-129. 

Reprints are made with permission from the publishers. 



 

 



 

Contents 

Introduction...................................................................................................11 

Description of the problem ...........................................................................13 

Overview of the thesis ..................................................................................14 

2D and 3D displays.......................................................................................15 

Theoretical framework..................................................................................18 
Visual perception......................................................................................18 

The Gestalt approach ...........................................................................19 
Indirect perception: the constructivist-inferential approach ................20 
Information processing and computational approach ..........................20 
Direct perception - Ecological approach .............................................22 
Modern spatial, perceptual and cognitive theories ..............................23 

Theoretical perceptual implications for the thesis....................................26 
Representation design and implications ...................................................28 

Military applications .....................................................................................32 
Pilot environment .....................................................................................33 

Development of 3D displays.........................................................................37 
Space perception..................................................................................37 
Frame of reference...............................................................................40 
Enhancements ......................................................................................41 
Symbols ...............................................................................................42 
Limitations of using 3D.......................................................................43 

Methodological considerations .....................................................................46 

Purpose of the thesis .....................................................................................49 

Empirical studies...........................................................................................50 
Rationale of the empirical studies ............................................................50 
Paper I: Readability of vertically vibrating aircraft displays....................51 

Introduction .........................................................................................52 
General method....................................................................................52 
Experiment 1........................................................................................54 
Experiment 2........................................................................................55 



 

Experiment 3........................................................................................57 
Paper II: Perception aspects on perspective aircraft displays...................59 

Introduction .........................................................................................59 
Experiment 1—symbol recognition and target direction assessment ..60 
Experiment 2—judgment of spatial relations between ownship and 
target ....................................................................................................65 
Discussion............................................................................................69 

Paper III: The Value of Spatial Cues in 3D Air Traffic Displays. ...........70 
Introduction .........................................................................................70 
Experiment 1 – 3D bearing estimation ................................................70 
Experiment 2 – relative height assessment ..........................................76 
Experiment 3 – collision risk detection ...............................................78 
Analysis of static versus dynamic scenarios........................................80 
General discussion and conclusions ....................................................81 

General discussion ........................................................................................83 
Main findings ...........................................................................................83 

Vibrations and 2D symbol identification.............................................83 
3D Symbols .........................................................................................84 
Spatial relations between objects in static and dynamic scenarios ......85 
Use of drop-lines and task dependency ...............................................85 

Limitations ...............................................................................................86 
Implications..............................................................................................89 

Display design and the ecological perspective ....................................89 
Dynamics .............................................................................................91 
Symbols ...............................................................................................92 
Spatial cues and task dependency........................................................92 
Practical example.................................................................................93 
Concluding remarks.............................................................................93 

Acknowledgements.......................................................................................95 

References.....................................................................................................97 

 



 

Abbreviations 

2D 2-dimensional 
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ANOVA Analysis of variance 
APP-6 Military Symbols for Land Based

Systems (i.e. Allied Procedural 
Publication 6A) 

Arc minute A minute of arc or arcminute is a unit 
of angular measurement that is equal 
to one sixtieth (1⁄60) of one degree. 

AVA Azimuth viewing angle 
CDTI Cockpit Display Traffic Information 
CI Commander’s intent 
EPEA Eyepoint elevation 
FOV Field of view (vision) 
G-force Gravitational force 
GFOV Geometric field of view 
Gz Gravitational force in z-led (head to 

foot direction) 
HDD Head-down Display 
HUD Head-up Display 
MFD Multi-function display 
MOUT Military operation in urban terrain 
NATO North Atlantic Treaty Organization 
Ownship Own vehicle in the display. Here an

airplane. 
PDA Personal digital assistant 
PFD Primary flight display 
POV Point of view 
ROE Rules of engagement 
SA Situation(al) awareness 
STANAG Standardization Agreement (NATO 

abbreviation) 
TI Tactical indicator 





 11

Introduction 

The use of visual displays is widespread nowadays. In many countries, 
children from preschool age actively employ such displays for recreation as 
well as education. With new user-friendly devices like Ipads, two-year-old 
children can play games, watch television, experience YouTube videos, and 
directly interact by tapping on displays. Whereas children and adolescents 
usually quickly adapt to and readily learn how to use computers and 
computer games, elderly people may react to, even have difficulties with, 
new technologies.  

One explanation to the difficulties people meet when adapting to computers - 
or simply learning how to manage these - is the fact that software often is not 
intuitive. This alone may create a lot of stress and frustration for users, 
irrespective of age. Equally important, however, for the usability of 
computers is the display design for interaction with the software. Presently, a 
marked field within display design is the development of computer games 
for children and adults. Many of these computer games present information 
in 3D, sometimes even stereoscopically. This use of 3D for computer games 
is, however, only a recent, modern development.  

Traditionally, within aviation and other adjacent areas including computer 
games, information has been, and still is, presented in 2D due to various 
technological limitations. Previously, it was simply not possible to present 
3D graphics without relatively large and expensive computers. Today, a 
regular, inexpensive PC has the capacity to perform 3D simulations that 
required expensive, more exclusive, Silicon Graphics machines ten years 
ago. This implies that, for example, almost every new computer game, or 
laboratory around the world, employs 3D visualization. The world is in 3D 
and people (whenever there is an option) tend to prefer to have the world 
represented in 3D instead of 2D. Even so, there are many situations, 
contexts, where 3D displays have not been implemented. One such situation 
is tactical indicator (TI) in aviation, which is the focus in this thesis. Tactical 
indicators are probably used in all military aircrafts and present overall 
tactical information with own and enemy airplanes, ground forces, 
topography, and so forth. Most military systems today still use 2D displays, 
even though 3D presentation could potentially improve performance. 3D 
refers here to 3D perspective, not stereoscopic displays. Stereoscopic 
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displays are outside the scope of this thesis, even though there is a growing 
market for stereoscopic movies and already plenty of possibilities of buying 
products (e.g. television) with stereoscopic capacity.  

The purpose of this thesis is to evaluate how to use 3D perspective displays 
in different military applications. One important part is to realize limitations 
with 3D displays. It is possible that 2D displays are preferable in some 
situations and 3D displays preferable in other situations. The primary focus 
here is displays within aviation and the Swedish fighter aircraft JAS 39 
Gripen. The focus of the research has been to design and develop a 3D 
tactical indicator. Such a display does not exist today (as far as I know) but it 
is likely that it will be developed in the near future. Design issues of interest 
have been investigated in three journal papers. Paper I investigates vibrations 
in the cockpit, a vital but somewhat limited focus. Paper II and III have a 
broader perspective and investigate the use of 3D displays for supporting 
pilots with better situation awareness. There is a development and rationale 
across the three papers, from a narrow task in Paper I (vibrations affect on 
readability), to symbol recognition and direction estimations in a static 
scenario (Paper II), and finally bearing estimation in a more realistic 
dynamic situation in Paper III. 
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Description of the problem 

The visual modality is the dominating modality today for presenting 
information in both military and civilian applications. Although it is possible 
to present information using other modalities, seeing or vision modality will 
probably be a main modality for processing information in the future. A 
main concern is, therefore, how to create displays that are as visually 
intuitive as possible, on the one hand, and yet have the potential of 
integrating extensive information within one display without cluttering this, 
on the other hand.  

Turning to the focus here, this has been tactical indicators in a military 
aviation setting. Currently, tactical information tends to be presented on a 2D 
display that, in turn, represents the 3D world. Often a God's eye map is used 
where relations easily can be seen in the horizontal plane. However, since 
there is no direct correspondence between a 2D display and a 3D world, 
relations between objects in the vertical plane are not depicted. This implies 
that these vertical relations therefore must be presented on another display, 
or with numerical values. When horizontal and vertical perspectives are to 
be integrated, however, additional workload ensues (or sets in more or less 
abruptly). For a user, a more optimal solution would therefore be a 3D 
display giving or offering good, overall situational awareness so that 
integration of information from numerous displays or other data sources  can 
be avoided, perhaps even eliminated. Hence, this thesis focuses, evaluates, 
the possibilities of using a tactical 3D display.  

In order to develop 3D displays, numerous areas need to be investigated, for 
example, symbol appearance, frame of reference, and enhance information 
with e.g. drop-lines. This work contributes to research and knowledge by 
searching into a number of these important fields. Issues which have been 
studied in detail are vibrations in airplanes and their effect on readability of 
2D symbols, recognition of 3D symbols, perceived spatial relations between 
objects in static and dynamic scenarios, estimations of relative height, and 
detection of colliding objects in the air. Even though the main purpose has 
been to improve the tactical indicator, the knowledge most certainly can be 
generalized to other displays and situations outside the airplane. All 
aforementioned issues have been investigated through laboratory 
experiments. 
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Overview of the thesis 

This short chapter describes the overview of the thesis, and the basic logics 
behind the different chapters. The focus is on tactical displays, which today 
usually present information in 2D. This can and perhaps will be changed to 
3D visualization that might give the user better situational understanding. 
Next follows an overall description of 2D and 3D displays, including a 
historical background of research within this area. There is also a discussion 
of the use of multiple 2D displays, and that one single 3D display may 
actually facilitate a more intuitive understanding of the tactical situation. The 
work presented here is done within visual perception, and therefore a short 
historical description and a description of the most important approaches is 
described. Also, within the theoretical chapter representation design where 
the important triad, constituted of the environment, display, and the pilot is 
described. After this, a description of the environment and the pilot in the 
Swedish armed forces and JAS 39 Gripen follows. This is natural since the 
development of the 3D tactical display potentially should improve the work 
situation for a fighter pilot in his/her extreme environment. Also, overall 
methodological considerations are described, and then even though partly 
mentioned in the introduction a separate chapter describes the purpose with 
this thesis. Then a shortened version of the three papers follows, all focusing 
on issues related to tactical aircraft displays. Finally a general discussion 
with the thesis main findings, limitations, and implications is described. 
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2D and 3D displays 

In the beginning of the 1980s, a 2D display called Cockpit Display Traffic 
Information (CDTI) was developed with the purpose of increasing pilots’ 
situation awareness, SA (Endsley, 1995a, 1995b; Smith & Hancock, 1995). 
This display showed both the position and the heading of the own aircraft, as 
well as those of other aircrafts (Stokes & Wickens, 1988). However, Smith 
and Ellis (1982) found that pilots using this display only tended to make 
turns to avoid collisions, instead of using the full 3D environment including 
turns or climbs/descends. Only a few years later, Ellis and McGreevy (1987) 
found that avoidance maneuvers took longer time with a plan view display 
than with a perspective display. Clearly, a 2D display only is not sufficient to 
provide full understanding of a complete 3D environment. Obviously, the 
two different types of displays have their advantages - and disadvantages - 
depending on a given task (Naikar, 1998).  

A 2D display gives an operator a fairly good view of either the horizontal or 
vertical plane, but two views are necessary to give the pilot information 
about the 3D world. Since several displays are required to depict necessary 
information, no single display gives a pilot a good sense of location and/or 
motions. Instead, information is distributed between displays which 
separately show attitude, altitude, compass, and speed. Consequently, a pilot 
has to integrate this information into an overall understanding of a situation. 
However, since the views are partly correlated, there is continuity across 
multiple views and visual momentum when switching between views 
(Woods, 1984, 1995). Visual momentum is a concept borrowed from 
perception and cinematography implying that transitions between scenes are 
designed to maintain an overall understanding of a storyline (Hochberg & 
Brooks, 1978), hence, some sense of coherence.  

As available information increases, the displays in a cockpit become more 
and more complex. Consequently, there is a potential risk of information 
overload; even if a pilot in principle can see, look at, given information, 
he/she does not have the time to process, or make sense of, presented facts 
and circumstances. The presentation of information in 3D may therefore 
alleviate potential problems of information overload by integrating the 
horizontal and vertical views to one display which simultaneously presents 
information along the x-, y- and z-axes. As research and development 



 16 

presently stands, there are a number of 3D display solutions already that 
need to be mentioned here. Firstly, perspective displays (Prinzel III et al., 
2004; Prinzel III, Kramer, Arthur, & Bailey, 2006); secondly, displays that 
are stereoscopic (Akeley, Watt, Girshick, & Banks, 2004; Lange, D., & 
Cooper, 2006; Schor, 2000). A third group are holographic displays (Slinger, 
Cameron, & Stanley, 2005; Tay et al., 2008); a fourth, multi-planar displays 
(Alexander & Wickens, 2005). Several 3D display solutions also track head 
motion, which is a dependent measure in a number of previous studies 
(Eriksson et al., 2008; Mania, Adelstein, Ellis, & Hill, 2004). The main 
concern for this thesis are 3D perspective displays where 3D worlds are 
depicted in one single display, meaning that other types of 3D displays are 
excluded from the scope of this thesis.  

As a particular display type, the perspective display is designed to represent 
three-dimensional Euclidean space. This is something which makes the 
perspective display popular since it, in several ways, corresponds to the 
human visual system (Yeh & Silverstein, 1992). Yet, there are other reasons 
for developing a 3D display, especially if one considers specific professional 
practices. Here, the focus is how to provide pilots with better SA for 
guidance in 3D space. Going beyond this task, however, military forces that 
operate in urban environments, for example, have a similar need for better 
three-dimensional understanding of ongoing battle field situations. In this 
connection it is important to note that 3D perspective displays in the 
following will be referred to as 3D displays. 

In relatively early studies of 3D displays, the display design was poor, seen 
in retrospect. The presentation was often merely a simple 3D coordinate 
system with linear perspective as depth cue, whereas Mazur and Reising 
(1990), for example, show that additional cues do give a user a better 
understanding of displayed situations. Recently, however, efforts have been 
made to implement perspective cues in primary flight displays (PFD) and 
CDTI (Cobham, 2011; Dao, Battiste, Granada-Vigil, & Johnson, 2006; 
Jennings, Alter, Barrows, Enge, & Powell, 1999; Thomas, 2005; Thomas & 
Wickens, 2005). Examples of these efforts are 3D synthetic vision, forward-
looking real-time 3D terrain view on primary flight display, 3D highway-in-
the-sky navigation (Cobham, 2011). 

People intuitively understand a dynamic situation by integrating a variety of 
monocular cues, like linear perspective, previous familiarity, interposition, 
relative size, light and shadows, textual gradients, proximity-luminance 
covariance, aerial perspective, and motion parallax (Alm, 2001; Gibson, 
1979; Kandel, 1991; Ware, 2000; Wickens & Hollands, 2000). Since a 2D 
display removes, distorts, or even disperses information, an intuitive 
understanding is not possible to the same extent. As a contrast, the integrated 
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format of a 3D display may actually facilitate a more intuitive 
understanding. Since the 3D display may be advantageous to 2D displays in 
aviation in particular (i.e. in comparison with 2D displays), the phenomenon 
of 3D displays has been investigated in numerous studies (Andersson & 
Alm, 2003; Bemis, Leeds, & Winer, 1988; Haskell & Wickens, 1993; 
McGreevy & Ellis, 1986; J. Tittle, Woods, Roesler, Howard, & Phillips, 
2001). Examples of issues that been investigated are judgments of direction, 
operator performance as a function of display type, and the role 2D and 3D 
displays have on task performance. 

When developing a 3D display for aviation, or any other more specific 
application, there are indeed a number of important issues to consider and 
many of these issues (e.g. the use of drop-lines, and dynamic presentation) 
will be described and discussed in the scientific articles included here. 
However, before even turning to the actual development of 3D displays, it is 
necessary to have an understanding of relevant theoretical frameworks that 
influence this development, why these will be presented next. 
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Theoretical framework 

This chapter gives a short description of relevant theories of visual 
perception and relates these theories to the work carried out in this thesis. 
The overall theoretical point of departure can be argued to be eclectic, 
meaning that no single, specific theory is chosen, nor is there a debate for 
either a direct or indirect approach of visual perception. The research 
described here actually benefits from ideas belonging to more than one 
theory, and there is a need for both perceptual and cognitive considerations 
when developing displays in the military setting. Further, as aspects of 
design and the process of evaluating 3D displays are essential for the 
reported research, time and space is devoted to a description of 
representation design (Bennett & Flach, 1997) and its implications. 

Visual perception 
Debates and discussions on visual perception date back to the old Greeks, 
who defended the two clearly opposing views of visual perception called 
intromission and extramission. Intromission advocates as Democritus (c. 
460-370 B.C.) and Epicurus (341-270 B.C.) appears to have stated that 
objects cast a resemblance of themselves called eidola, which is 
subsequently captured by the eye. Extramission defenders like Plato (c. 427-
347 B.C.), on the other hand, argued that light from the eye hits objects in a 
surrounding environment. The linear perspective (mapping a 3D scene on a 
2D picture) was presumably first discovered by Leon Battista Alberti (1404-
1472); later Leonardo da Vinci (1452-1519) described the linear perspective 
in (minute) detail (Blake & Secular, 2006). Modern theories evolve with 
Kepler who in 1606 describes the retinal image. He thus resolved the key 
question of how (an infinity of) rays, in the visual field, are drawn to 
corresponding eye points. Kepler argued that the crystalline lens so to say re-
focuses rays in the retina thereby making vision possible, and called the 
unfolding image 'pictura'.  

Now I turn to some of the main approaches within visual perception, and 
overall explain some of these theories. I select; gestalt, information 
processing theory, direct-, indirect perception, and approaches that tries to 
reconcile the direct- and indirect approach, to be most relevant here and 
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because these theories in some way or another has influenced my thesis and 
the developmental work of a tactical 3D display. 

The Gestalt approach 
Gestalt psychologists and the founder Max Wertheimer (1944) emphasized 
organized wholes in which each part affects every other part and thereby 
opposed a more elementaristic view of vision. They questioned, for example, 
Wundt’s experimental view (Boring, 1950) implying that an experiment 
leader observes and records parts of an event including variations. 
Wertheimer showed that stimulus organisation is vital for perceptual 
outcome and also illustrated (using a stroboscope) that humans manage to 
put together pictures and even experience motion although merely 
individual, separate pictures are presented in a fast sequence; an effect 
labelled apparent motion. Other important gestalt psychologist were Köhler 
(1929) and Kofka (1955) who validated their views through numerous 
demonstrations, suggesting that neural processes tend to organize themselves 
spontaneously according to what they referred to as Gestalt laws, see Table 1 
(Blake & Secular, 2006; Bruce, Green, & Georgeson, 1996; Ware, 2000). 

One fundamental part of the Gestalt approach is the laws that help us to 
organize our experiences. These gestalt laws are important and in the 
development of displays, including a tactical display that is in focus here, 
these laws can be used the guide the design process.  

Table 1. Gestalt laws 

Gestalt law Description 
Figure-ground 
perception 

The tendency to perceive one part of an object as a foreground and 
another part as ground or background. 

Proximity Objects that are close together are seen as belonging together. 

Good continuation We see objects as continuous, instead of breaking in parts, e.g. a line 
that crosses another line is seen as a continuing line instead of a line 
that stops at the crossing and starts all over again at the other side of 
the line. 

Closure We tend to close an object and see it as a whole (e.g. an open circle is 
seen as a more complete, even whole, circle). 

Similarity We group similar objects together, a gestalt within a larger form. 

Common fate When objects move in a common direction, the viewer tends to 
apprehend them as a unit. 

Relative size Smaller components tend to be perceived as objects on a background 
having a larger surface. 

Past experience Past experience and context appears to have an effect on the 
interpretation of, and how we group, objects. 
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Indirect perception: the constructivist-inferential approach 
Helmholz (Patton, 2010) is considered, by some, to be one of the founders of 
science of visual perception. He argues that perception must be learned, not 
just directly experienced by our senses. The constructivist theory Helmholz 
represents sees perception as a type of unconscious inference which prompts 
us to seek meaningful information. In short: we perceive, activate 
experience, and construct a reality (Bruce et al., 1996; Helmholz, 2004). 
Gregory holds a similar view and claims that our so called depth judgments 
are made out of earlier experiences of depth cues (Gregory, 1970, 1997). 
According to this view, thus, we construct a scene and thereby perceive 
depth. This top-down view implies that schemas are activated more or less 
automatically during the interpretation of what we see. Sometimes our 
perception is correct, sometimes not, but through this hypothesis testing we 
nevertheless gain more experience. Also Irvin Rock (1975) has an indirect 
approach and explores the logic of perception. He proposes that cognitive 
processes actively work to determine a situation in the, as it were, external 
world, that matches given sensory information (Rock, 1993), thereby also 
suggesting that perception is an act of conscious inferential thought 
processes. The key ideas, thus, for this indirect or constructivist-inferential 
approach are that (a) perception is indirectly constructed, and that (b) 
sensory information alone is insufficient for perception. Meaning has to be 
attributed, ‘added’ – or in some sense constructed. 

Information processing and computational approach 
Vision is above all an information processing task, but Marr (1982) adds the 
argument that since we are capable of knowing things about the world, there 
must be ways of representing information in our brains. Thereby, Marr looks 
upon vision as a duality that represents and processes information, aiming to 
understand these specific visual mechanisms, as well as the links between 
psychology and neurophysiology. Marr’s approach is computational and he 
describes distinct stages in the visual perception process according to the 
following order: (a) raw primal sketch, (b) complete primal Sketch, (c) 2½D 
sketch-, and (d) full 3D representation; see outline below. 
 
Stage 1: Raw Primal Sketch 
This first step in visual processing is the representation built from the retinal 
image and the algorithms that produce it. Extraction of information gives 
intensity values and are retrieved from four primitives; edges, terminations, 
bar, and blobs (Marr’s terminology). Then the raw primal sketch is 
transformed to a complete primal sketch. 
Stage 2: Complete Primal Sketch 
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A more refined sketch where structures, boundaries, and grouping of 
surfaces and common areas are calculated. 
Stage 3: 2½D Sketch 
Culmination of early visual processing; a viewer-centred representation 
referred to as 2½ D Sketch. The viewer needs spatial information usually 
accomplished by adding shading, textures, binocular disparity, occlusion, 
convergence, and relative size. This stage is not a full 3D representation. 
Stage 4: Full 3D Representation 
The final stage which renders a full 3D description of a spatial environment. 
At this stage, shapes (including their spatial orientation) are related to real 
worlds instead of being located, as it were, on points in the retina. The top-
down view use stored information to match against the real world and 
thereby form a final representation. 

Marr and Nishihara (1978) developed a theory about object recognition. The 
object described is within a frame of reference that is based on the shape 
itself. The object-centred representation consists of hierarchical 3D models, 
that is, a human being is literally built by ‘boxes’ (e.g. a torso, legs, arms, 
fingers) with different levels of detail. According to this theory, we perceive 
an object, analyse it in terms of multiple geometric forms (shapes), and then 
match this object with information in an internally stored ‘catalogue’.  

Later, Biederman (1987) proposed a similar yet different theory called 
Recognition-by-Components (RBC) for object recognition in humans. The 
focus of RBC is (as in Marr and Nishihara’s work) how the visual system 
extracts geometric forms or, as Biederman calls them, geons (geometricons), 
for example, cubes, spheres, cylinders, and wedges. The theory proposes that 
these geons are stored in the brain as structural descriptions and contain 
specific relations. When we perceive an object, this object will be analysed 
and matched to stored geons and their interrelations. To identify an object, a 
reasonably fair matching has to take place. This theory, however, does not 
include higher level cognitive processes like shading, texture or colour. 
Predictions from this theory are that the exact spatial organisation is 
essential. If a subset of geons is available at correct place successful 
recognition will occur. People tend to be very good at recognizing objects 
despite variations. RBC explains this in terms of rotational, size, and 
translation invariance. Viewpoint invariance implies that geons used to 
specify objects are organized in a specific manner and therefore can be 
recognized out of different viewing angles. The recognition itself is based on 
regularity and organization between the geons; only in the case of accidental 
viewing points the system may fail to work, resulting in unsuccessful object 
recognition (Bruce et al., 1996). To sum up this theory, thus, a limited 
number of geons organized in specific ways may construct numerous 
objects, that is, representations of the real world. 
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Direct perception - Ecological approach 
The phenomenon of ecological perception first advanced from Brunswik 
(1952), and later from Gibson (1966, 1979). They shared a view of human-
environment interaction which differs from more traditional views within the 
field of psychology. The ecological approach intends that a human operator 
and his/her working environment are reciprocally coupled and cannot be 
studied independently. In addition to this, any description thereof must be 
coupled to the system’s goals to be useful. It is therefore necessary to have a 
fairly good understanding of an environment, but also more functional 
knowledge of the same, and be able to see the constraints that are imposed 
on the users operating within a specific environment. Ecological perception, 
thus, describes how people use natural cues to orient themselves and act in a 
given environment.  

The most fundamental parts in the ecological approach are, probably, optic 
array, invariants, and affordance. The optic array structures ambient light 
that surrounds a viewer from all possible directions. The change that occurs 
in any optic array when a viewer moves is referred to as optic flow (Gibson, 
1950; Lee, 1980); a flow that gives a viewer important information about the 
type of movement. Our perceptual system acts directly when we walk or run, 
but also due to, or out of, head and eye movements, thereby providing 
important information. Gibson emphasis the ground, consisting of surfaces 
that are composed of texture elements. Surfaces and textures elements are 
the starting point in ecological geometry. Our task is to actively detect 
invariant information in the optic array; invariant according to Gibson being 
unchangeable, constant or persistent, although a person (or animal) is in 
motion or in any other way changes. Invariant information, may be 
constituted by, for example unchanging relations among the angles in a 
rectangle, the earth is always below and the sky is always above, increasing 
density of optical texture, and affordances (Goldstein, 1981). All these 
phenomena are stable and persist during change. 

Affordance, the perhaps most known and widespread concept from 
ecological psychology, is something offered or provided - good or bad. 
Affordance is thus a complement, as it were, between the surrounding 
environment and a viewer. Before Gibson (1979), the notion of ‘afford’ 
existed in dictionaries, but he developed the noun ‘affordance’. Gibson 
explained that if a terrestrial surface is horizontal, flat, extended and rigid, 
the surface offers support, and thereby a ground to stand on.  Even though 
we may measure different variables, quantify and conclude that, for 
example, “the ground is flat”, the truly interesting issue, according to 
Gibson, is what a particular phenomenon offers for an individual animal, or 
human, in a given context.  
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According to the ecological perspective, meaning is based in (or derived 
from) situations, where something is meaningful or significant in relation to 
functional goals (Flach, 2000). A user therefore discovers meaning within an 
actual work domain. This idea stands in contrast to information processing 
approaches, where meaning is ‘added’ later (Bruce et al., 1996; Marr, 1982). 
The ecological perspective puts forward that information is more neutral, 
and always there, but only has significant meaning for a user when a 
presented situation corresponds to the information that this user needs in an 
actual environment. The functional perspective, where goals are pursued for 
a purpose, is deemed to be particularly important for the research carried out 
here since users obviously become experts on a system (including use 
thereof), as well as on an environment. 

Next, advances within visual perception and cognition are reviewed without 
any claims of being an exhaustive account; rather, a survey of relevant recent 
developments of visual perception. 

Modern spatial, perceptual and cognitive theories 
Numerous attempts have been made to unify different theoretical (i.e. 
Neisser, 1994) and neuropsychological approaches (Burgess, 2008), 
including approaches that describe two visual systems (ventral and dorsal) 
(Braunstein, 2002; Jeannerod, 1997; Milner & Goodale, 1992). First, one 
modern perceptual approach is presented that seeks to reconcile the direct 
and indirect perspective, and connect them with neurophysiological, 
neuropsychological, and psychophysical evidence (Norman, 2002). 
Secondly, a 3D theoretical model is introduced which focuses on mapping 
four areas in 3D space with functions and neuroanatomy (Previc, 1998). 
These aforementioned approaches are important, interesting, as they have the 
potential to unify different perceptual approaches, while contributing to the 
understanding of how perception and cognition is mapped into our brains. It 
is to be noted that merely descriptions of the approaches are given here; 
circumstantial neuropsychological and/or neurochemical accounts are 
outside the scope of this thesis. 

According to Norman (2002) the scientific challenge is not to choose 
between the direct and the indirect approach, but rather to make them fit 
within one framework, and he actually suggest that such a common 
framework already exists. Norman presents a hypothesis about a dual 
process approach that is made up of two systems functioning in parallel. One 
of these systems, the dorsal, is similar to Gibson’s idea of direct perception, 
whereas the second system, the ventral, is similar to indirect perception. The 
dorsal system picks up visual information fast and primarily unconsciously, 
and makes a human/animal function in an environment. The ventral system, 
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on the other hand, is indirect, and serves to recognize and identify objects in 
an environment. The process appears to be slower, conscious and cognitive, 
but can also be involved in aspects of spatial perception, such as size and 
distance interpreting. Norman emphasizes that even though these two 
systems have different functions, they ‘cross-communicate’ and are 
synergic, cooperative. At instances where the dorsal system has problems 
picking up sufficient information the ventral system helps solving the same 
problems. This can be compared to a relatively inexperienced basketball 
player needing support from the coach in making some parts conscious 
during learning, functions that later obviously will be automated and solely 
dorsal. Runeson, Juslin, and Olsson (2000) show that two modes of 
perception are possible. In a study investigating if participants used a direct 
invariant- or a cue heuristic model in a collision task discriminating relative 
mass in an observed collision. Their results reveal that already after minimal 
training, the invariant-based model is confirmed, that is, direct perceptual 
information adopted, while for beginners, simpler cues as in a cognitive 
mode was used. 

Another interesting theory comes from Previc (1998) who divides the 
environment in four regions. He review the historical background of 
neuropsychology of 3D space, and from that describes his theoretical model 
of 3D spatial interactions. He found four major perceptual-motor systems, 
that is the base for interacting in the 3D environment. These are the 
peripersonal-, focal extrapersonal-, action extrapersonal-, and ambient 
extrapersonal region (Figure 1). The peripersonal region functions are visual 
grasping, manipulating and consuming objects within about one arm length. 
The focal extrapersonal regions functions are visual search, object- and face 
recognition. The action extrapersonal region functions are navigation, scene 
memory, and target orientation. The ambient extrapersonal region functions 
are spatial orientation, postural control and locomotion. 
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Figure 1. The theoretical model of 3D spatial intercations with peripersonal-, focal 
extrapersonal-, action extrapersonal-, and ambient extrapersonal regions. Adapted 
from Previc (1998). 

Previc describes function, neuroanatomy, and neurochemistry for the four 
systems connected to 3D space.  The systems are all behavior systems that 
differ in function, regions in 3D space, coordinate frame, and predominant 
sensory and motor systems. Still they unify the representations of the 3D 
world. As evidence for his model he map his four systems to major visual 
processing streams as follows; peripersonal region → dorsolateral pathway, 
focal extrapersonal region → ventrolateral pathway, action extrapersonal → 
ventromedial (parvo and magno) pathways, and ambient extrapersonal → 
dorsomedial (some magno) pathways. Finally the neurochemical substances 
(particicarly dopamin-ergic and noradrenergic transmitters) are discussed in 
his theory. 

This is interesting since this approach emphasizes the importance to think in 
different brain regions and perceptual-motor systems. Probably, some 
perceptual resources are used at different distances, e.g. within different 
regions. Developing a 3D tactical display may be connected to one region 
and perceptual-motor system, while understanding the handling of threats 
outside the window may connect to another region and perceptual-motor 
system. Still, in a pilot situation, all these regions are involved in the 
different tasks that the pilot is performing. 
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Theoretical perceptual implications for the thesis 
The purpose of this chapter is to point at the connections between perceptual 
theory and some of the work included in Paper I, II, and III.  

Even though Gibson’s ecological perspective has inspired the research 
carried out here more than other theories, cognition and experience is 
naturally an important part of pilots’ activities, as well as those of other 
decision-makers. While the ecological view highlights direct experience of 
the world, the indirect approach is about creating mental representations of 
environments. In Paper II and III, where 3D displays are investigated, both 
approaches therefore had to be taken into account. As Gibson (1979) 
describes, we process information in the optic array fast and more or less 
unconsciously, but when it comes to viewing a small 2D display with 
abstract symbols in a military airplane, information processing is far from 
natural and/or intuitive. It is inspiring to have the ecological perspective as a 
starting point and then aim at developing displays that increase a pilot’s 
performance and situational awareness, yet at the same time lower or limit 
mental workload.  Even though it is not possible to copy real life and make 
use of life long experience from natural cues, one important step in the 
discussed direction would probably be to use 3D displays instead of 2D 
God’s eye displays. From Gibson’s ecological view it is an attempt to map 
the display configuration to the real setting, human system, and tasks that is 
performed. A 3D view is more intuitive, mentally less demanding, hence 
more ecological, since a user does not have to integrate multiple views. 
Having said this, Gibson’s ecological theory may thus serve as an inspiration 
and be used to some extent. At this point, indirect perception and the 
constructivist-inferential approach become important. Pilots’ training and 
field experience provides them with knowledge which most certainly makes 
them apprehend situations differently from novices. For one thing, 
experienced professionals understand limitations of airplanes, sensors or 
enemies, as well as tactical considerations, to mention a few examples, since 
they have been trained (taught) by instructors or senior pilots. 

Flach and Hancock (1992) describe the ecological approach to human-
machine systems in terms of three dimensions; affordances, information, and 
attunement. Affordance describes an environment as a functional problem 
space, with metrics specified for the human-machine system, for example, 
eye height or time to contact, instead of traditional physical metrics like 
centimeters or seconds. The information dimension includes how 
affordances are presented within the interface. Attunement, thirdly, includes 
the problem of knowing and considers fundamental human perceptual 
limitations and skill. 
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Affordance in the work presented in this thesis (Paper II and III) means that 
the experiments have been set up from a functional perspective. The basic 
questions, like judgment of spatial relations, relative height, and collision 
risk detection are all real and functional problems that pilots usually deal 
with. Also the answering tool used in the research presented here, and the 
logics behind intended to make the participants think in terms of the 
functional problem, not in terms of angle, meter or some other metric 
judgment. Also, since motion is a very important cue (Gibson, 1979) this 
gives me the hypothesis that performance in dynamic situation would be 
better than in a static scenario. Information dimension includes how the 
affordances are presented within the interface. In Paper II and III, the basic 
idea and prediction is that the 3D display with additional cues increase the 
subjects- and in the end the pilots performance. Attunement includes the 
problem of knowing and considers the fundamental human perceptual 
limitation and skill which was partly investigated in Paper I, were the human 
capability of reading symbols during vibrations was explored. 

The theories of object recognition by Marr and Nishihara (1978) and 
Biederman (1987) have interesting implications for one experiment included 
in the thesis. From these theories their hypothesis is that a real object can 
successfully be recognized if it matches geons stored in the brain. People are 
very good at recognizing objects despite variations due to rotational-, size, 
and translation invariance. Predictions from this theory are that the exact 
spatial organization is essential, that is, if only a subset of geons is available 
but at correct place successful recognition will occur. Object recognition in 
humans is invariant regarding changes in size, position, and viewpoint. 
Experiment 1 in Paper II explored if the visual system could recognize basic 
shapes or geons (sphere, cube, and pyramid) and two arrow symbols with 
build in velocity vectors. Here the symbols were rotated in different angles 
to see if recognition was possible. To identify these objects a reasonable 
good matching has to take place. 

The gestalt laws describe important cues that have been used by me and 
many other researchers in studies about 3D displays. Some of these laws 
have had direct implication for how I designed the 3D display. In Paper III, 
the most realistic situation, and partly in Paper II, Gestalt laws like linear 
perspective, interposition were used. Also the depth cue relative size was 
used. The prediction is that these laws/cues help the user to better understand 
the situation presented at the display and therefore they have been 
implemented in the 3D display (Paper II and III). 

Research has often suggested and predicted that enhancements like drop-
lines are aiding depth perception (S.R. Ellis & Selim, 1990; W.S. Kim, 
Tendick, & Stark, 1991). Even though drop-lines peer see is not natural and 
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seems to have little ecological validity, the way the depth cue works is not 
artificial. Gibson (1986) pointed out that sizes of objects can be estimated 
effectively if they have a reference to the ground plane. By adding the 
artificial drop-line to the ground a link is created, and thereby the ground 
texture including a grid can be used as a cue to improve depth perception. 

Since both the direct and indirect approach is valuable in the situation 
presented here, this leads to theories that try to reconcile the approaches. In 
this thesis where the pilot’s situation is described, certainly both approaches 
must be considered. The ecological view is especially inspiring in my 
attempts to develop a 3D display that make the pilot understand the 
information fast and intuitive. The indirect approach is especially inspiring 
in the sense that pilots have tremendous specific knowledge that affect the 
design of a 3D display. 

Representation design and implications 
Representation design is a field which contributes with some basic principles 
that are important to consider in connection with displays that utilize, exploit 
(i.e. not stand in conflict with) typical characteristics of perceptual processes. 
The development of 3D displays requires understanding of visual perception 
as well as matters concerning design. The previous description of visual 
perception and its implications for the research here is therefore 
supplemented with this section about representation design.  

The information ‘explosion’ that comes from gathering and aggregating 
extensive technological data is positive in the sense that users have access to 
comprehensive information. At the same time, however, it may be a 
challenge to find the necessary or more exact information that is vital in a 
specific situation - and to do so in time! Data overload is indeed a potential 
problem in many applications and has been characterized as cluttering, 
meaning there is too much data, mental workload, and a user cannot process 
all this, or experiences difficulties in finding significant data (Woods, 
Patterson, & Roth, 2002). How to help human cognition using a medium (i.e. 
the computer) is a fundamental issue in representation design that parallels 
Gibson's ecological view. In both cases, there is a connection between a user 
and environmental cues, and dynamics of real problems are dealt with 
(Vicente, 1995; Woods, 1995). However, according to representation design, 
there is a reciprocal coupling between the user and the environment which, 
for the applications of interest here, is mediated by an interface. The 
relevancy of representation design (for the applications of interest here), 
thus, is that it helps shaping display surfaces (the medium) to exhibit 
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information for a domain practitioner (Woods, 1991). He describes the 
mapping principle of displays:  

“Thus, the fundamental principle for any discussion of types of displays from 
a representation point of view is the symbol mapping principle: computer-
based displays of data function as a representation of something for someone 
in some context”. 

   Woods, 1995, p. 164. 

The symbolic mapping principle (hereafter: mapping principle) implies that 
there is an important, necessary, cognitive triad between a domain, interface, 
and a cognitive agent or user (Figure 2). The components of the triad are the 
cognitive demands from an environment or domain, a user’s resources, and 
the representation from the domain that the user experiences (interface). The 
interface effectiveness is determined by the mapping between the domain 
and the interface (correspondence), as well as the mapping between the user 
and the interface (coherence) (Bennett & Flach, 1997). The correspondence 
problem refers to the content that should be presented at the interface to best 
solve a problem at hand. The focus is on the identification of the most 
important real world properties that should be presented in regard to (given) 
current goals. The coherence problem, on the other hand, refers to the 
mapping between the interface and the user. This focus is on the visual 
properties, and how different elements within this representation compete for 
attention and cognitive resources (Bennett & Flach, 1997; Woods, 1995). 
The interface effectiveness depends both on correspondence between 
domain and interface, and between the cognitive agent and the interface. In 
this thesis, it is argued that this mapping problem can be improved in many 
situations by the use of 3D displays. 
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Figure 2. The cognitive triad with the domain, interface, and cognitive agent 
visualized. (Adopted from Bennet, Nagy, and Flach in Handbook of Human Factors 
and Ergonomics, 1997, p. 680.) 

Ideally only necessary information is presented in the display and gives the 
pilot good situation awareness, and thereby makes it possible for him/her to 
perform the task in hand in an effective way. Often, however, it may be 
difficult to identify the most important information beforehand due to 
context sensitivity, why the interest lies in the contrasts between data and the 
user's expectations (Woods et al., 2002). Good representation design 
therefore facilitates context sensitivity and human information processing by 
capitalising on the characteristics of the perceptual system. That data become 
meaningful in relation to other data, frames of reference, and the user's 
expectations mean that good representation design should be based on the 
following principles; (a) use frames of reference that capture meaningful 
relationships in the work domain, (b) put data into the context of related 
values and important issues, (c) highlight changes and events that reveal the 
dynamics and evolution, and (d) highlight contrasts that indicate some 
departure from a reference or expected development (Elm, Potter, & 
Gualtieri, 2006; Woods et al., 2002). If the representation design follows 
these principles, there is a good possibility that meaningful information 
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becomes emergent. The benefit of 3D displays from a representation design 
perspective is that they utilize the natural perceptual processes for perceiving 
a three dimensional environment. Objects and information of interest are 
then represented within this frame of reference to enhance the overall 
situation awareness.  

Next, military applications are presented and discussed since they are 
important applications for 3D displays. An understanding of specific 
contexts, where displays subsequently are to be used, is essential for display 
development. 
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Military applications 

Due to changing prerequisites for military forces, the Swedish Armed Forces 
will primarily prepare for international missions (Försvarsmakten, 2005). 
One aspect of this is that Sweden will have a European Union battle group, 
trained and ready to be deployed. This implies, among other things, that the 
Swedish Armed Forces need to collaborate with other nations’ forces, but 
also be prepared for activities in various climates. Tasks may also vary and 
range from more peaceful missions to, for example, pirate combats outside 
Somalia’s coast line or military operations in Afghanistan. Such ‘new’ 
military settings are highly complex and dynamic. In addition to solving 
many practical field situations, there are, and will be, different political 
aspects to consider, take into account. 

Further, military applications have traditionally been hierarchical, meaning 
that a higher command gives direct orders to his subordinate officers who, in 
turn, give orders to their subordinate officers, and so on. To improve 
efficiency and response time, mission-type tactics are important for the 
Swedish armed forces. Mission-type tactics encourage commanders to look 
for opportunities, and then act fast when they find one. They thereby take 
responsibility and use resources effectively in a situation although given 
orders do not exactly formulate how tasks are to be solved, dealt with. 
Officers are thus expected to take own initiatives and act according to a 
commander’s intent (CI) (Försvarsmakten, 2008; Lif, Oskarsson, & 
Eriksson, 2010). In addition to this, soldiers and officers at all levels need to 
understand commanders’ views and possibly also the end-state of a whole 
mission. Officers, in other words, need to have an overall understanding of 
every single situation, not just of isolated parts, nor merely follow orders. 

There is, of course, a difference as to how ground forces (Försvarsmakten, 
2008; Lif et al., 2010) and air forces (Johnston, McDonald, & Fuller, 1994) 
may use mission tactics. In the air, a pilot may appear to have more 
opportunities of taking own initiatives, but since missions are carefully 
planned and depend on multiple actors, he/she still needs to coordinate 
actions with others involved. A pilot therefore takes initiatives and acts 
within (the frames of) a mission and CI, often on the level of solving a 
specific tactical situation, or of navigating the aircraft in a specific situation. 
Any single, individual initiative to use armed force must be carefully 



 33

coordinated, and this is often not possible. The situation is somewhat 
different for ground forces, being free to use armed force called for by a 
situation, within rules of engagements, ROE (Försvarsmakten, 1990). 

3D displays can be used to improve SA for air and ground forces, and are 
probably also useful for naval forces. There is a tendency that research and 
development only concentrate on one of the applications. However, even 
though the mentioned situations seem very different, conclusions from 
conducted studies can often be generalized, thereby made relevant to 
different applications.  

Pilot environment 
A military aircraft is a truly amazing technological machine, which can fly 
up to the speed of about 2000 km/h (Figure 3). Bearing in mind that it has to 
be operated by a pilot who works and performs under tremendous stress, 
aircrafts stand out as exceptional inventions. The working environment is 
mentally and physically extreme where the pilot has to cope with up to +9 
Gz. High Gz forces are a reality during intensive manoeuvring like in air 
combat with one or several enemies. High Gz forces may, for example, 
affect the pilots' performance in numerous ways (Balldin et al., 2003; Eiken, 
Grönkvist, Johannesson, Bergsten, & Kölegård, 2003). During such heavy 
conditions, pilots primarily try to stay conscious why their spare capacity for 
cognitive work is limited. In other situations, when physical stress is not so 
severe, pilots have to cope with advanced technical systems while tactically 
planning ahead for different situations. The combination of high physical 
and mental stress is, of course, extremely demanding. High workload is 
important to consider for numerous reasons, such as safety (Wiener & Nagel, 
1988). It has even been suggested that time perception can be distorted under 
extreme and life-threatening stress (Hancock & Weaver, 2005).  

There are at least three important factors that influence a pilot’s 
performance; (a) the dynamics of an aircraft, (b) input from sensors and 
other data (information), and (c) how information is presented for the pilot, 
including the state of an aircraft, subsystems, and presentations of the 
surrounding environment (Fadden, Braune, & Wiedermann, 1991; Poulton, 
1974). It is also important to observe and understand that a pilot and an 
airplane merely constitute one part of a larger system. Interactions also take 
place with other friendly military airplanes (possibly non-friendly ones too); 
in addition to this, there is ongoing interaction with ground control, possibly 
also enemies on the ground. 
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Figure 3.  JAS 39 Gripen. Published with permission of Gripen International KB. 
Copyright Gripen International. 

Since stressors to some extent always affect a pilot’s performance, display 
design becomes even more important than it perhaps actually is under more 
‘normal’ conditions and/or circumstances. To mention one example, displays 
that are compatible with the physical world as well as the user’s mental 
model are normally read (interpreted) more quickly, accurately. Compatible 
displays become even more advantageous under conditions with high 
workload or stress (Wickens & Hollands, 2000). A proper well thought-out 
display design is therefore particularly important for military applications 
where physical and mental stress is common, not to say constantly present in 
one way or another.  

Another important stressor is constituted by vibrations occurring in an 
airplane, affecting possibilities of reading displays and instruments. Barnes, 
Benson and Prior (1978) found that the ability to follow a digital display 
during sinusoidal oscillation breaks down at frequencies above 1.0 Hz; 
above this level, subjects reported that digits only could be viewed at the 
nodal points of the oscillation. When the subjects undergo angular 
oscillations and the display is stationary, reasonable acuity is maintained up 
to about 8 Hz (Moseley & Griffin, 1986). If the subjects are stationary and 
the display is oscillating, the visual acuity for details will begin to deteriorate 
above 0.5–0.6 Hz (Benson & Barnes, 1978).  Also, Andersson (1996) 
investigated subjects performance reading five random numbers from 
vertically vibrating displays at frequencies between 0.5 and 7.0 Hz. The 



 35

numbers in his study were presented in a vertical and/or a horizontal order. 
When the nodal points of the oscillation were masked, it appeared to be 
almost impossible to read numbers above 1.5 Hz. When the nodal points of 
the oscillation were visible, on the other hand, subjects could read numbers 
up to about 6 Hz.  

In the Swedish military fighter JAS Gripen, there are four main displays for 
presentation of information: one head-up display (HUD) and three multi-
function displays (MFD) (Brandtberg, 1994). As can be seen in Figure 4, the 
three MFDs are head-down displays (HDD); flight data display (left), 
tactical indicator (TI, centre), and multi sensor display (right).  

The main focus here is on the so called tactical indicator with a coloured 
map, ownship position, friendly and hostile positions, and additional 
information. Currently, information on the tactical indicator is given in 2D, 
but another alternative is to present the same information in 3D. Depending 
on a mission, the frame of reference could either be an egocentric view, or 
an exocentric one. It appears that when using the display as a tactical 
indicator, an exocentric view is typically preferred. 

The 3D display presented in Paper II and III strives to support pilots’ 
situation awareness (SA), and to provide them with a better understanding of 
spatial situations. 
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Figure 4.  JAS 39 Gripen cockpit. Published with permission of Gripen International 
KB. Copyright Gripen International. 
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Development of 3D displays 

When developing a 3D display, there are various issues to consider, such as 
vibrations, readability, symbol recognition, target direction assessment, 
spatial relations between ownship and targets; further, 3D bearing 
estimation, relative height assessment, and collision risk detection. The 
research described here addresses some of these issues but does not fully 
develop an entire 3D display. The results therefore have the potential of 
contributing to the development of 3D displays, for example in military 
aviation. However, the results should not be considered as a recommended 
finalized design solution. Developing 3D displays for a specific task often 
requires a different type of design process that is beyond the scope of this 
thesis. 

Some of the most important areas to consider when developing 3D displays 
are space perception, depth judgments, frame of reference, enhancements, 
and limitations or constraints of using a 3D presentation. Consequently, the 
following sections therefore describe each of these areas. The discussion is 
oriented towards military applications (as discussed in the previous chapter). 

Space perception 
To get an accurate understanding of depth and distance in a perspective 
display, various perceptual cues are necessary and can be referred to as 
object- or observer-centred. The cues are used automatically without 
conscious effort, and the observer may not be aware of the important effect 
they have on depth perception. The selection and implementation of these 
cues is of major importance for a functional perspective display. However, 
these cues that can either be directly used in the display to provide a sense of 
depth, or utilize the properties of the observers’ visual system to enhance the 
sense of depth (Wickens & Hollands, 2000).  

The human visual system gets information about depth from binocular 
disparity, convergence, and accommodation. Binocular disparity means that 
the images perceived are disparate because the eyes are placed at slightly 
different places, and thereby stimulate unique points at the retina. When the 
two eyes focus on an object, they converge. Observing close objects gives a 
large angle, while object far away gives smaller angles. Sensations in the eye 



 38 

muscles send information to the brain and thereby give information about 
depth. Accommodation also gives information from the eye muscles to the 
brain. In the case with accommodation, the muscles control the shape of the 
lens to make sure that the image focuses on the retina. Even though the 
observer cues are both important and interesting, they are not of primary 
relevance here since the focus is on the design of 3D perspective displays 
where object-centred cues are used to improve perception of information 
presented on a display.  

Some of the object-centred cues that play a central role when creating a 3D 
display are linear perspective, occlusion, height in the plane, light and 
shadow, relative size, textual gradients, proximity-luminance covariance, 
aerial perspective, and motion parallax. To begin with the linear perspective, 
this is when two parallel lines converge to a vanishing point (Beck, Hope, & 
Rosenfeld, 1983). This is used by artists and photographers to provide a 
sense of depth. Similarly, in a 3D display a grid is commonly used on the 
ground surface to promote a viewer's depth perception (Brown, 1999). Other 
cues that might help a viewer's depth perception are, for example, the linear 
perspective of buildings and other objects presented in a scene. Second, 
occlusion implies that an occluded object is perceived as more distant than 
the occluding object. Height in the visual field, thirdly, also affects depth 
perception. Below the horizon, objects that are higher appear to be further 
away from an observer, while above the horizon, objects that are low and 
thereby close to the horizon, are perceived to be further away. Light and 
shadow, fourthly, cause luminance differences between regions, and convey 
information about depth. Fifth, object size conveys information in numerous 
ways; objects with the same visual angle are assumed to be of equal size. 
When a familiar object maintains a constant perceived size regardless of 
visual angle, this also gives depth information. Sixth, texture gradients are 
important as visual cues and have been demonstrated in studies were 
subjects sway is affected, as in experiments with swinging room (Lee & 
Aronson, 1974), or optical flow effect (Eriksson, 2010; Gibson, 1950; Lee, 
1980). Gradients can be used in a 3D display to improve depth perception by 
draping the ground or buildings with different textures, to mention a couple 
of examples. Also, the number of texture elements in a background gives 
depth information. Seventh, proximity-luminance covariance refers to how 
depth perception is affected by the intensification of edges in proportion to 
their proximity for an observer. For example, the shape of a cube can be 
perceived differently depending on the parts or lines of the cube that have 
been depicted with high contrast (Sperling & Dosher, 1994). Eighth, aerial 
perspective implies that objects closer to an observer are clear in comparison 
with distant objects. This can be seen in 3D visualisations and, of course, in 
real life, where more distant objects are brighter, less detailed, have lower 
contrast than closer objects. Thereby, they are assumed to be farther away. 
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Ninth, motion is yet another cue for perceiving depth. Motion perspective 
refers to that objects shift position when an observer in motion fixates the 
objects. Motion parallax is a part of motion perspective and implies that 
when a moving observer fixates an object, objects closer to the observer than 
the fixated one appear to move in the opposite direction of the observer. 
Objects farther away than the object fixated, on the other hand, appear to 
move more slowly and in the same direction as the movement of the 
observer. All these cues (i.e. occlusion, height in the plane, relative size, 
texture, light and shadows) contribute to the observer’s depth perception in 
regard to a display (Wickens & Hollands, 2000). The interaction between 
these cues may be of importance when designing a perspective display. 
Wickens and Hollands (2000) describe these cues and also discuss how 
different cues affect each other in numerous ways. For example, motion is a 
so called dominant cue and when combined with other cues, motion can 
either enhance or reduce the effect of the other cues on depth perception. 
Occlusion also appears to be a dominant cue, while texture gradient and 
luminance appears to be less dominant.  

The effectiveness of the cues often differs with distance. Cutting and 
Vishton (1995) separate depth in three regions: personal, action, and vista 
space. It is, incidentally, interesting to compare this to Previc’s (1998) 
classification with five instead of three regions. According Cutting and 
Vishton (1995) occlusion and relative size are effective regardless of 
distance, while other cues are distance dependant. A problem with these 
distance dependencies is, otherwise, that they are based on natural settings 
and therefore not necessarily (or adequately) mirror the display situation. 
Nevertheless, it is interesting and important to note that different cues have 
different impact at different distances.     

Within the development of 3D displays, the ability to perceive a three-
dimensional environment is referred to as space perception (Sedgewick, 
1986). Traditionally, as well as in this thesis, the focus is on visual space 
perception, although space perception also has proven to be a substantial 
contributor to SA and intuitive displays in both tactile and audio displays 
(Carlander & Eriksson, 2006; Carlander, Eriksson, & Oskarsson, 2007; 
Eriksson et al., 2006; Jansen, Wennemers, Vos, & Groen, 2008; McKinley & 
Ericson, 1997; Simpson et al., 2004; Van Erp, 2007) 

While the focus of space perception has shifted over time, this thesis 
concerns on how a three-dimensional world can be depicted in a perspective 
display and thereby support users in primarily military applications. 
Perspective refers to the effects of distance on objects’ projection in the optic 
array, and linear perspective refers to the set of rules that can be used to 
accurately create two-dimensional projection (Sedgewick, 1986).  
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There are a number of geometric parameters that affect viewers’ 
performance and possibility to understand information presented on a 
perspective display. Some of these parameters are: geometric field of view 
(GFOV), eyepoint in the exocentric frame of reference, eyepoint elevation 
(EPEA), and, lastly, azimuth viewing angle (AVA) (Naikar, 1998). GFOV 
can be veridical, telescopic, or wide angle, where the veridical GFOV is a 
view as that seen by a pilot when looking out of the window. Sometimes it 
may be more practical to use a wide screen view to get a better 
understanding of a scene, but a non-veridical view may also distort (S. R. 
Ellis, Kim, Tyler, McGreevy, & Stark, 1985; McGreevy & Ellis, 1986). 
Further, extreme EPEA angles of 0° or 90° compresses a view and therefore 
have a negative effect on performance. Most successful performance may be 
found around an EPEA angle of 45° since it helps a viewer to make good 
judgements both of azimuth and elevation (Schreiber, Wickens, Renner, 
Alton, & Hickox, 1998; Sedgwick, 1991). However, EPEA angles between 
15° and 60° have been shown to work well too. A problem with the 45° 
angle is that the horizon in many airplane displays may not be seen. Finally, 
the best AVA is 0°, although numerous angles have been discussed (S. R. 
Ellis et al., 1985; W. S. Kim, Ellis, Tyler, Hannaford, & Stark, 1987). An 
alternative would be to freely rotate the eyepoint, both in elevation and 
azimuth. This is not recommended, however, for cognitively demanding 
tasks due to the risk of confusions, that would be - are - unacceptable. For 
other situations, where a user only explores a 3D world, rotating and looking 
around freely would probably be acceptable. 

Frame of reference 
In many applications, the user - or the vehicle that the user controls - moves 
through and interacts with an environment. Therefore, it is important to 
consider whether the frame of reference for the 3D display should be as seen 
from the user's point of view, or from an external point of view. The 
egocentric viewpoint renders the world as it would be from a user's point of 
view when he/she looks forward. The exocentric viewpoint, on the other 
hand, renders the world as it would be looking from outside the vehicle. 
Alternatively, a 2D display plan view can be used, or coplanar display as it 
sometimes is called (Morar, Macredie, & Cribbin, 2002; Rate, 1993; 
Wickens, 2000). The coplanar display is actually two displays, one 
traditional 2D horizontal map view and one vertical profile showing height 
information.  

The three frames of reference all have their strengths and weaknesses. The 
advantage of the egocentric and exocentric displays is that they portray the 
actual environment and thereby eliminate the cognitive cost of integrating 
information from multiple axes. The coplanar display, on the other hand, has 
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a cost for scanning between the two views and the user has to integrate the 
information from two axes.  

Frame of reference, egocentric, exocentric, or coplanar, is an important 
consideration in designing perspective displays and it has been proposed that 
it should be compatible with the observers’ mental model of moving in the 
environment (Wickens, Haskell, & Harte, 1989). If the task is navigation 
along a path, an egocentric frame of reference is the best support for local 
guidance. If the task is more global awareness, on the other hand, that is the 
knowledge of how objects are located in space, the exocentric view has been 
shown to best support the user (Olmos, Liang, & Wickens, 1997; Olmos, 
Wickens, & Chudy, 2000). Wickens and Prevett (1995) also show that the 
exocentric view, both 2D and 3D, give more accurate responses to situation 
awareness than the 3D egocentric frame of reference. 

Enhancements 
Earlier research has proposed techniques for enhancing the information in 
3D displays. For example, Wickens, Todd, and Seidler (1989) propose a 
scaling technique of magnification, since objects on visual displays may be 
perceived as smaller, or closer together, than they actually are (Meehan, 
1992). Roscoe, Corl, and Jensen (1981) propose a magnification of 1.3, but 
the required magnification rather depends on the depth information in a 
display (Meehan & Triggs, 1988). Another geometrical scaling technique 
that can be used is amplification of the vertical dimension relative to the 
horizontal dimension, and nonlinear scaling of objects to make sure that they 
can be perceived. Further, techniques such as grid surface, drop-lines or 
drop-shadows, spheres around an object, and tunnel in the sky have been 
used to enhance users’ situation awareness.  

Drop-lines are of particular interest here (explored in Paper III) since they 
are one important possibility to improve the spatial awareness in tactical 
displays. A drop-line can be defined as a line from an object that connects 
the object with the ground (Figure 5). 
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Figure 5. Drop-lines to the ground. Adopted from Ware, 2000, p 294. 

The addition of drop-lines has advantages and disadvantages. While drop-
lines may contribute to improved spatial understanding (Liao & Johnson, 
2004), they may also contribute to clutter (i.e. irrelevant or overload of 
information on a display in a situation), especially when many targets are 
shown at the same time (Summers, Normoyle, & Flo, 2005; Wickens, 
Nunes, Alexander, & Steelman, 2005).  Even though the use of drop-lines in 
tactical displays may cause some problems, it will probably improve 
performance in some situations, and if used right the clutter effect can 
probably be avoided. 

Symbols 
The ability to read and understand symbols and alphanumeric characters 
depends on many factors, for example, size, contrast, brightness, design, 
dynamics, as well as users’ working environment (McCormick, 1970; 
Xiaofang, Qingyun, Zhiyong, & Na, 2005). Another circumstance that 
influences the ability to read and understand symbols is whether the 
symbols/characters are stationary or move on a screen. To avoid confusion 
on this matter in an airplane like JAS 39 Gripen, with a distance from eye to 
display of about 70 cm, the size of a symbol or character should be about 5 
mm (Lif, 2004).  

The Swedish Armed Forces use one set of military symbols 
(Försvarsmakten, 1987, 2001) while NATO uses another set called 
STANAG 2019 APP-6 (NATO, 2008) which consists of thousands of 
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symbols. Both Swedish and NATO symbols are very complex, and to some 
extent different for the army, air force, and navy. How these - and other 
symbols - should be constituted is in itself a vast research area (not in focus 
here); how different nations are to send data and cooperate using different 
symbol sets is another field, where somewhat complicated issues are, and 
must be, resolved between nations. Some military researchers also look for 
alternatives to APP-6 (Smallman, Oonk, St. John, & Cowen, 2001; 
Smallman, St. John, Oonk, & Cowen, 2001), with promising results. Yet it is 
a complex task to change all symbols within one country's military 
organization, and obviously even more complicated to change these symbols 
within NATO. Turning to the research reported here, the interest for symbols 
is limited to the use of symbols in tactical displays developed for airplanes.  

Limitations of using 3D 
It is necessary to evaluate positive and negative aspects of 3D displays in 
order to understand when they should be used or not. As an example, some 
of the participants in the experiments reported here were convinced that they 
performed better with 3D than with 2D, whereas their actual, observed 
performance was, in fact, the opposite. This experience is in a way not 
surprising since people tend to like, be enthusiastic about, 3D displays that 
are more realistic (“like the real world”), or just “look cool” as a teenager 
might have expressed it. It is, thus, not to be expected that 3D displays, as it 
were, automatically improve performance. Another aspect of this is that 
when participants are immersed in a partially real world like a training 
situation or a war game, they may not apprehend the situation as valuable 
training, but take it as a game and not focus on the task, something which 
actually might lead to limited training effects. Frank (2007) argues that a 
design focus, therefore, should be on creating games that engage, ‘absorb’, 
make sure they are relevant for their participants, and design for a whole 
context. 

That there are distortions, and thereby limitations of the visual system, is 
‘old news’. Fechner (1860/1966) and Weber (1834/1978) investigated the 
accuracy of human depth perception for estimating distances and found that 
distances estimated in depth are qualitatively different from perception of 
horizontal distances. Research on human spatial vision indicates that the use 
of 3D visual representations is somewhat limited (Forsell, 2007; Lind, 
Bingham, & Forsell, 2003). A number of studies have shown that space 
perception is distorted (Farber & Rosinski, 1978; Norman, Heywood, & 
Chessell, 1977; Todd, Tittle, & Norman, 1995); other researchers have 
suggested that the geometry of visual space is affine (Tittle, Todd, Perotti, & 
Norman, 1995; Todd et al., 1995). Affine geometry implies that distances in 
the same direction can be related to each other, but this is not the case for 
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distances along different axes. Consequently, distances cannot be freely 
related in a 3D display, and users would probably ‘go astray’ in trying to do 
so. If a user is unaware of this problem, he/she might estimate relations 
between objects in 3D space, something which may result in errors with 
severe consequences in military applications. A study by Lind, Bingham, 
and Forsell (2003) argues that this problem does exist and conclude that 
human vision simply is not constructed for making metric judgments in 3D 
space. The problem that distances cannot be related along different axis 
would be even more problematic if the magnitude of the errors is different 
along different axes, as proposed by some researchers (Smallman, Manes, & 
Cowen, 2003; Smallman & St. John, 2002). 

Another matter that might affect judgments in a display is the vertical-
horizontal illusion, where the extent of vertical lines appears slightly longer 
than horizontal lines of the same physical length. This is another example of 
perceptual distortion that might affect judgments in a pictorial representation 
of the real world (Fineman, 1996). The magnitude of the vertical 
overestimation in a real or immersed virtual setting is at least twice as big as 
that found in a desktop setting (Yang, Dixon, & R., 1999); the magnitude of 
the illusion also increases with height. Metric judgements should therefore 
probably not be recommended (at least not according to these studies), or 
only be performed in one direction at the time, along one axis. The problem 
is, however, that in military applications, it is typically not possible 
(appropriate) to just make judgements in one direction. A user in military 
applications looks in different directions, and if judgments are required, a 
mixture of directions for different tasks must be considered.  

Maki, Maki, and Marsh (1977) point to another potential problem with 3D 
displays, namely rectilinear normalization. This means that azimuth 
judgments are easier at, or close to, north/south, and west/east directions, and 
that a curved road is perceived to be more straight than it actually is 
(Tversky, 1981, 1997; Wickens, 1992). People often use a north-up map 
(Lehikoinen, 2001), but research shows that an ego-centric real-time 3D map 
with GPS can be more effective than a traditional static-, electronic north-up, 
or head-up map (Porathe, 2007). In other settings, there was no difference 
between north-up and head-up maps (Te Brake, van der Kleij, & 
Cornelissen, 2008).  

Finally, there is a mental representation of geographical spaces called 
canonical or preferred orientation (Frankling & Tversky, 1990). This means 
that people tend to have preferred orientations of a map due to prior 
knowledge from the real world; thereby a better understanding when 
navigating with the map out of this preferred or canonical orientation 
(Wickens & Hollands, 2000). This finding is especially interesting in regard 
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to a 3D display, since the magnitude of errors can be different in different 
directions of the display (i.e. azimuth and elevation). 

Yet another limitation that has significant effect on performance is the type 
of task that is to be performed. Tasks can be defined as integrated or focused 
attention tasks. Integrated tasks include more than one variable, while 
focused attention tasks focus on one single variable. There is evidence that 
integrated tasks are well supported by 3D displays, whereas focused 
attention tasks are better supported by 2D displays (Haskell & Wickens, 
1993). To maintain spatial awareness of a flight situation where all there 
dimensions are included, to be aware of a flight path, or to understand 
relations between objects in space, are mentally demanding processes best 
supported by 3D displays. Estimations of distance between objects, on the 
contrary, are better supported by 2D displays.  According to Wickens’ 
proximity compatibility principle (Wickens & Hollands, 2000), we know 
that: 

“When information is generated into three dimensions, performance on tasks 
requiring such integration should improve.” 

                              Wickens & Hollands, 2000, p. 147 
 
Clearly, limitations of a 3D presentation must be taken into account when 
developing a 3D perspective display. The cues used, geometric parameters, 
frame of reference, type of task, and performance requirements are all 
important factors that must be taken into consideration. Next, 
methodological considerations used for evaluating some of the factors 
presented above are discussed. 
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Methodological considerations 

The discussion of how basic research in laboratory settings can be 
transferred to real applications and used to get a better understanding of the 
real setting is nothing new, but still equally important (Flach & Hancock, 
1992; Mitchel & Roberts, 2009). In the laboratory setting, it could be argued 
that only some factors are studied and the value in a real application 
therefore is questionable. In the field study, on the other hand, it could be 
argued that the research was not performed and data not collected in a 
controlled manner and therefore not reliable. In a laboratory setting, the 
researcher can focus on parts of a phenomenon and has the opportunity to 
observe it repeatedly, which is typically not possible in a naturalistic setting. 
However, the studied phenomena must still be parsed into chunks that are 
both manageable and make sense in the real application. Even though a part 
of reality is studied, the main goal is to get information that can be applied in 
a real application to support the user's understanding of the situation.  

Often, a combination of laboratory studies and field studies is to prefer, 
especially when the task is as extreme as in military applications. Laboratory 
studies and the use of students is an excellent start in an experimental series, 
as long as the research questions originate from a real military situation (as 
the case here). Later in the process, or experimental series, field experiments 
need to be conducted to validate the results in a real setting with real 
subjects.  

Some have argued that an ecological approach to human factors is necessary 
to fill the gap between basic research and applied design (Vicente, 1995). As 
described in the chapter on theoretical framework, this thesis is influenced 
by the ecological view. Although laboratory studies were used in Paper I, II, 
and III, the experiments are increasingly focused on the users' actual task. 
The investigation in Paper I of vibrations in aviation was a clear defined 
problem closely connected to the pilot’s environment, and focused of 
limitations of the visual system. In Paper II and III, the interest for the pilots’ 
situation was wider, investigating and proposing a possible aid to support the 
pilots' situation awareness.  

Even though I did not have the possibility to investigate real pilots using real 
airplanes, the goal has always been to get as close to the reality as possible. 
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To gather as much information about the pilot situation as possible, 
discussions with pilots and developers of pilot systems has been conducted. 
This has also been done to get a better understanding of functions and 
strategies that pilots use, and to better understand the environment in which 
the pilots operate. This is further described in the chapter of representation 
design and military application. The research questions in each experiment 
has been considered and looked at in the light of the triad (environment, 
pilot, and function), and stated to gain knowledge about the overall aim 
(development of a tactical display).  

This implies that an actual application affects the research questions, as well 
as interpretations of results. Even if, for example, an effect is statistically 
significant (e.g. from a researchers point of view), there must be an 
interpretation and understanding of how significant this particular effect is 
for a given performance, such as in a military fighter airplane. It might also 
be the case that a statistically significant difference (e.g. one second) is of 
secondary or no importance at all in one application, whereas the same 
difference has impact on life or death in another application. Therefore some 
kind of task analysis should be related to the interpretation of results 
(Embrey, 2000; Stanton, Salmon, Walker, Baber, & Jenkins, 2005). Further, 
a task analysis early on in the process helps the researcher choose research 
questions that really matter in the real application and thereby can make a 
difference for the pilot, commander, or user of some technical system. Here, 
the military setting and the description of the working environment are both 
necessary for designing the experiments, but also to draw the reasonable 
conclusions from the results.  

The mapping problem between the real situation that should be understood 
and the test situation is of course important (Woods, 1995). In natural 
settings this is not a difficult problem to deal with, but careful considerations 
must be taken in regard to staged situations or laboratory settings (the case 
here). The studies here are performed in laboratory settings due to several 
practical issues, such as expenses, safety matters, and experimental control.  

From a practical point of view, setting up an experiment in an airplane is 
rarely possible since the implementation of a new display (or any other 
equipment) in a military airplane is complicated. A pilot’s safety demands 
restrictions, and other specific claims must be handled before any testing in 
an airplane can be executed. The expenses for experiments in military fighter 
airplanes also tend to exceed research grants. As regards the situation 
described in Paper I, II, and III, it may sometimes, however, be more 
favorable to first involve a number of participants in a laboratory, instead of 
merely a few pilots. For the research carried out here, students were 
involved, but in future research projects it is advisable, even necessary, to 
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evaluate the display type focused here involving professional pilots in a real 
setting, something which simply was not possible at this stage for the 
reasons given. 

The dependant measures in the three papers presented here differ somewhat, 
but are mainly quantitative. Paper I used readability as the dependant 
measure in all three experiments. Paper II used symbol recognition and 
direction to target (azimuth and elevation) in Experiment 1, and angle 
relation (azimuth and elevation) in Experiment 2. In Paper III, bearing 
estimation (azimuth and elevation) was used in Experiment 1, relative height 
(closest or most distant in height) and time to answer in Experiment 2, 
collision risk and response time in Experiment 3, and angle deviation 
(azimuth and elevation) in the analysis of static versus dynamic scenarios. 
The dependant measures are chosen to be of practical importance in the real 
setting, and also to be real estimates of actual performance in a real setting. 
However, even though azimuth and elevation is analyzed in the results, it is 
never the task to estimate azimuth or elevation per se, but to estimate a 
direction, relative height, not an angle. This is important, since the focus is to 
understand and improve the awareness of the overall situation, not to be able 
to estimate an exact angle or distance. The interest was never to see if the 
participants could verbalize their spatial experience, but to evaluate their 
understanding of the spatial situation. Therefore, it was crucial to develop a 
response tool (Paper II and III) that could reflect their perception of the 3D 
world and in a natural way reproduce the spatial direction they experienced. 
To make sure that the response tool work well a short pretest was performed 
to guarantee that subject could point the arrow in the intended direction. The 
results of this pretest has not been published but showed that the participants 
very precisely could point the response tool in intended directions. 

So, the intention of this chapter has been to describe my ideas and the 
motivation for used overall methods and measures in the different studies. 
Since I did not have the possibility to use military fighter pilots in a real 
setting, the aim has been to find methods that still give important 
information that in a later stage of the research can lead to the development 
of a tactical display. I believe that the results from the studies presented in 
this thesis are valid, even though they in a direct sense never can be 
generalized to the situation military pilots operate in. To be sure of how a 
tactical display works it has to be tested in the real setting by the real users. 
Still I believe this research gives many important answers of how a tactical 
display should be designed. 
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Purpose of the thesis 

The purpose of this thesis is to evaluate how to use 3D perspective displays 
in different military applications, but also to understand when a 2D display is 
preferred. One part of this is to see, realize, the limitations of different 
display formats, including limitations caused by vibrations. The primary 
focus has been on the pilot in the Swedish fighter aircraft JAS 39 Gripen, but 
additional research has also been performed in different army applications. 
The research has been on designing a 3D display and to evaluate when a 2D 
and 3D display, respectively, should be used. The research does not focus 
directly on a comparison between the display types, but on design issues 
such as the use of additional cues in the 3D display and also evaluating 
stressors (vibrations) that may affect pilot performance. Limitations of the 
3D display have also been of importance to get an understanding of when 2D 
displays are preferred (instead of 3D displays). The aim is to contribute to 
the development of knowledge regarding the usability of 2D and 3D 
displays, primarily for military applications. 

Three journal papers were selected for the thesis. The journal papers 
investigate how to support pilots in their working environment. Paper I 
investigates vibrations in the cockpit, a vital but somewhat limited focus. 
Paper II and III have a broader perspective and investigate the use of 3D 
displays for supporting pilots with better SA. One major and highly 
significant difference between Paper II and III was that in the later, dynamic 
scenarios were used. Paper III is thereby the most realistic situation. There is 
a development across the three papers, from a narrow task in Paper I 
(vibrations), to symbol shapes and direction in a static scenario (Paper II), 
and finally to a wider and more interesting dynamic situation in Paper III. 
The research was then further developed to include other military settings 
and also conduct field studies. 
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Empirical studies 

This chapter begins with a presentation of the rationale for the three papers 
as a unity (including the rationale of each paper), so that the reader gets an 
overall understanding of the studies, their focus and necessary arrangements. 
Thereafter, the three papers are put forward as shortened versions. 

Rationale of the empirical studies 
The rationale for the three papers is, first, to develop research based on 
experiments focusing the human visual system; secondly, to explore a sparse 
static scenario; and, thirdly, to include a dynamic scenario in a research 
study of its own. Even though all experiments take place in laboratories, 
pilots’ typical or habitual environment is the origin for the research. Paper I 
describes how a military pilot is affected by vertical vibrations, why 
readability of the symbols used is investigated. In Paper II and III, different 
aspects of a 3D display were evaluated to see, question, possible practices in 
military aviation settings. 

In Paper I, the ability to identify vertically vibrating complex military 
symbols was investigated in three experiments at frequencies between 3-7 
Hz. These frequencies were chosen because they match the vibrations in an 
airplane. Unfortunately, it was not possible to attain the exact 
vibrations/frequencies, but according to verbal communication with 
professionals working with JAS 39 Gripen, the circumstances were good 
enough. Another reason for aiming at these frequencies in particular was that 
a previous experiment (Andersson, 1996) showed that subjects could read 
vertically vibrating numbers up to 6 Hz when the nodal points (end positions 
of vibrations where the numbers momentarily stands still) where visible. The 
reason for placing the symbol head and indexes horizontally was that this 
probably gives a worst case scenario where the indexes smear over each 
other.  

The second experiment aimed at testing the importance of symbol and index 
orientation at 45° slant up and down. Since the symbols used in Experiment 
1 and 2 were slightly larger than those in the real display, a third experiment 
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explored somewhat smaller symbols that better matched real circumstances 
in JAS 39 Gripen. 

In Paper II the focus is on a 3D perspective display, and the possibilities of 
understanding 3D symbols and symbol relations. The fundamental idea of 
this paper is to begin to investigate whether a 3D display may offer pilots 
good spatial awareness. The objective of this research is to scientifically 
evaluate a 3D design solution that hopefully, in the future, can be 
implemented in military airplanes and possibly also other (professional) 
settings. Paper II included two experiments that constituted a first step in a 
planned series of experiments.  The display was rather sparse, static, but 
there were possibilities of adding cues and improving presentations. 

After this, a reasonable (‘logical’) research step was to proceed from static to 
dynamic scenarios in order to increase situational reality, and therefore 
motion was added in Paper III. In Experiment 1, participants’ ability to 
assess 3D bearing between two objects in space with or without drop-lines 
was investigated. This was an integrated task, and the experiment setup was 
more or less the same as in Experiment 2 in Paper II, motion now being 
added. To be able to explore various situations using the 3D display, the next 
step in Experiment 2 was to investigate subjects ability of assessing height 
differences, with or without drop-line (i.e. a focused attention task). In 
Experiment 3 another integrated task, collision risk detection, was analysed. 
The purpose of this experiment was to investigate participants’ ability to 
identify objects on a collision course towards the own aircraft. This 
experiment too was performed with and without drop-lines. In Paper III, 
finally, bearing assessment was compared in a static (Experiment 2, Paper II) 
versus dynamic scenario (Experiment 1, Paper III). 

In all studies only p-values are given so that the text will be easier to read, 
follow. For more detailed information about the statistics, the reader is 
advised to consult the included scientific articles. 

Paper I: Readability of vertically vibrating aircraft 
displays.  
Andersson, P. and von Hofsten, C. (1999).  
In Displays, 20, pp 23-30. 
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Introduction 
Vibrations pose a problem for the visual system. In order to maintain optimal 
acuity, retinal slippage has to be avoided, which requires that the visual 
system compensates for internally or externally induced vibrations. Aircrafts 
are especially prone to vibrate, something which creates problems for pilots 
in their attempts to read instruments.  

There is an important difference between viewing the surroundings during 
locomotion, and looking at (or ‘reading’) instruments in aviation. In the first 
case, a subject is vibrating while the environment is fixed, while in the latter 
the subject and the instruments are vibrating (Sharp, 1988). The only types 
of compensations that will improve visibility in a flight situation are visually 
based ones (optokinetic response and smooth pursuit). However, such 
compensations work well only up to 0.6 Hz, and saccades decrease the 
ability to read instruments and displays (Von Hofsten & Rosander, 1996). At 
higher frequencies, when eyes cannot stabilize an object on the retina during 
vibration, the strategy is to fixate the object at the nodal points of the 
vibration. A vibrating motion obviously comes to a stop when it reverses at 
the nodal points. 

The experiments referred to here analysed the effects of vertical vibrations 
on the readability of display symbols in aviation at frequencies between 3 
and 7 Hz. The symbols were those typically used in displays of modern 
military aircraft. Stationary observers’ ability to identify complex symbols 
was measured in three experiments.  

General method 
Apparatus 
The stimuli were produced on a computer screen, and the subjects looked at 
the display through a mirror placed 40 cm from the computer screen. The 
mirror was connected to a vibrator with controllable frequency and 
amplitude. 

Stimuli 
The symbols used were chosen from a set typically used in the displays of 
modern military aircraft (Figure 6).  
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Figure 6. Heads used in Experiment 1. 

The symbols included three parts. The first part was the ‘head’ of the 
symbol, the second was a set of 1–4 lines or a V (Latin number 5) situated 
on the left side of the head (hereafter referred to as the index), and the third 
was a longer line on the right side of the head (hereafter referred to as the 
vector), see Figure 7. Sinusoidal modulated vibrations were used in the 
experiments. The frequency was 3, 4, 5, 6, or 7 Hz and the amplitude was 
1.6 mm. 

 
Figure 7.  The different parts of the whole symbol. When rotated; the index, head 
and vector is rotated 45° up or down. 

Three experiments were conducted investigating symbol heads, indexes, 
orientation, frequencies and size effect on readability of vertically vibrating 
symbols (Table 2). 
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Table 2. The combination of different symbol parts, used in the three experiments. 

 Heads Indexes Orientation Frequency Size 
Experiment 1 5 5 1 3-7 Large 
Experiment 2 3 3 3 3-7 Large 
Experiment 3 3 3 3 3-7 Small 
 

Procedure 
Every subject was asked to identify the figures from a set presented on an 
answering sheet, which he/she had in front of him/herself. Every figure was 
presented for 1 second and the time between each presentation was 7 
seconds. 

Experiment 1 
The purpose of Experiment 1 was to evaluate the readability of separate 
symbol heads and indexes for horizontally oriented symbols, when the 
symbols vibrated vertically at frequencies between 3 and 7 Hz. 

Method 
Subjects 
Four women and six men (age: 21–28 years) participated. They can be 
described as ordinary students; all had normal or corrected vision. One 
subject was excluded due to technical problems. 

Stimuli 
The diameter of the head of the symbols was 7 mm, the index lines were 5 
mm with 1.7 mm between each line and the vector 15 mm, corresponding to 
visual angles of 17.2, 12.3, 4.2, and 36.9 minutes of arc (1 arc minute equal 
one sixtieth (1⁄60) of one degree), respectively. 

Procedure 
Every subject was shown 25 symbols. They were made up of five different 
heads combined with five different indexes. All symbols were presented 
horizontally at each of the five vibration frequencies. For each frequency, the 
symbols were divided into four sets: three consisting of six symbols and one 
of seven symbols. 

Results 
The effects of vibration frequency, head type, and index on proportion 
correctly identified heads and indexes, were tested in two separate three-way 
ANOVAs.  
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Readability of Symbol Heads 
The results show that different heads had different probabilities of being 
identified (p= .015). There was no significant main effect of frequency, but a 
significant interaction between frequency and head type (p= .019), indicating 
that some symbols were harder to read at higher frequencies. Head C was 
especially hard to read. 

Readability of Symbol Indexes 
For the proportion correctly identified indexes; there were main effects of 
index type (p< .001), head type (p< .001), and vibration frequency (p= .001). 
Index 1 and V were easier to read than indexes 2 and 3, and index 4 was 
particularly difficult to read. Head C induced more reading errors of the 
indexes than the other head types. Higher frequencies caused more reading 
errors. There was also an interaction effect between the head type and index 
type (p< .001) on the ability to correctly identify indexes. Finally, there was 
an interaction between vibration frequency and index (p< .001) implying that 
the readability of some indexes deteriorated more with vibration frequency 
than others. Comparing index 2, 3, and 4, the conclusion is that more index 
lines are always harder to read (4 lines harder than 3 lines, and 3 lines harder 
than 2 lines).   

Experiment 2 
The purpose of Experiment 2 was to evaluate the readability of heads and 
indexes for symbols oriented in different directions. 

Method 

Subjects 
Four women and six men participated in Experiment 2, (age: 22–37 years). 
Five of these subjects (all students) had also participated in Experiment 1 
(nothing indicated that their performance were better than the others); all 
subjects had normal or corrected vision. 

Stimuli and Procedure 
The three symbol heads (Head A, C, and E) and the three indexes (Index 2, 
3, and 4) causing most reading errors in Experiment 1 were used in 
Experiment 2. They were presented at three different orientations, either 
horizontally, 45° up, or 45° down. These 27 stimuli were divided into three 
sets with nine figures each. The subject saw them at each of the five 
vibration frequencies used in Experiment 1. 
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Results 
The effects of vibration frequency, figure orientation, head type, and index 
on proportion correctly identified heads and indexes were tested in two 
separate four-way ANOVAs. 

Readability of Symbol Heads 
The different heads had varying probability of being correctly identified (p= 
.001). There was also a significant main effect of head orientation on 
identification (p= .020). It was more difficult to identify horizontally 
oriented figures than obliquely oriented ones. However, there was no 
difference between 45° up and 45° down (post hoc) conditions. There were 
no main effect of vibration frequency for symbol head (p= .678). Interaction 
effects were found between head type by index (p= .004), and index by 
orientation (p= .005). There were also a significant 3-way interaction 
between frequency, head type, and index (p= .035). These effects could 
partly be explained by the fact that overall performance was successful and 
ceiling effects were obtained in some of the conditions. 

Readability of Symbol Indexes 
There were main effects of index (p= .002), as well as of figure orientation 
(p< .001), on the identification of indexes. It was more difficult to identify 
the indexes when they were horizontally oriented than when they were 
oblique. There was no main effect of vibration frequency for index (p= 
.188). Finally, there were interaction effects between frequency by index (p= 
.005), frequency by orientation (p= .001), head type by index (p= .006) and 
index by orientation (p= .014). There were also a 3-way interaction between 
frequency, index, and orientation (p= .002). It was more difficult to read 
horizontally oriented indexes, and the difference increases for higher 
frequencies (Figure 8). The readability of the index decreased with higher 
frequency in horizontally oriented figures, but not in tilted ones. 
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Figure 8. Proportion correctly identified indexes as a function of symbol orientation. 

Experiment 3 
The purpose of Experiment 3 was to replicate Experiment 2 with smaller 
symbols that better matched the real setting.  

Method 

Subjects 
In Experiment 3, four men and six women participated. They were 19–33 
years old and none of them had previously participated in Experiments 1 or 
2. All but one of the subjects was a student from Umeå University. All 
subjects had normal or corrected vision. 

Stimuli and Procedure 
The diameter of the symbol heads was 5 mm (12.3 arcmin) with 10 mm 
(24.6 arcmin) velocity vectors. The index lines were 3 mm (7.4 arcmin) with 
1 mm (2.5 arcmin) distance between each line. The symbols were about 33% 
smaller than in the first two experiments. In all other respects, the 
experiment was identical to Experiment 2. 

Results 
As in Experiments 1 and 2, the effects of vibration frequency, head type, and 
index on proportion correctly identified heads and indexes were tested in two 
separate four-way ANOVAs.  
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Readability of Symbol Heads 
There were no significant effects of head, index, frequency, or orientation on 
proportion correctly identified figureheads.  

Readability of Symbol Indexes 
There were significant main effects for frequency (p< .001), index (p< .001), 
and orientation (p< .001) on proportion correctly identified indexes. As in 
Experiment 2, higher frequencies, indexes with more lines, and horizontally 
oriented symbols gave rise to more reading errors. A significant interaction 
effect was found between frequency and orientation (p= .001), and a 3-way 
interaction between frequency, head type, and orientation (p< .001). 
Frequency had a greater effect on the ability to identify horizontally oriented 
symbols than oblique oriented symbols. The smaller figures in Experiment 3 
were more difficult to read only when horizontally oriented and not when 
rotated 45° up or 45° down. It was much more difficult to read the indexes 
when the symbols were oriented horizontally (Figure 9). 
 

 
Figure 9. Proportion correctly identified indexes as a function of symbol orientation. 

Discussion 
The presented experiments demonstrate that the identification of display 
symbols in aircraft is negatively affected by vibration and that this effect 
depends on the size, form, and orientation of the symbols. This stresses the 
importance of considering vibration effects when designing aircraft symbols. 
The symbols in aircrafts today are dynamic, which means that symbols 
denoting other airplanes are rotated so that they correspond to their direction 
of motion; the identification of such symbols too was studied in the 
experiments. Apart from a head and a vector, they also had an index part 
consisting of 1–4 lines or a V (Latin number 5). When the lines were 
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horizontally presented, vertical vibrations ‘smeared’ them over each other 
and made it difficult to decide how many that actually was present. Just 
horizontal and symbols rotated 45° were investigated, why there are no 
possibilities of drawing certain conclusions of completely vertical indexes. It 
is reasonable to believe, however, that completely vertical indexes are less 
influenced by vertical vibrations. The dominating source of vibration in 
aircraft is vertical. Therefore, a fair prediction and recommendation is that 
these lines are always oriented in a vertical direction independent of the 
orientation of the figurehead. 

Secondly, the identification of symbol heads was affected by orientation, 
probably due to interference with the reading of horizontal indexes. It is, 
therefore recommended that all symbols (heads and indexes) are tested with 
vertical vibrations to assess their usability in aircraft displays. This testing 
must be done in different orientations to make sure that readability is 
maintained.  

Thirdly, it was found that the complexity of the figure heads, as well as 
symbol size, affected discrimination of the indexes. A reduction of the 
symbol size by 33% had a substantial effect on the performance. It has been 
determined that, under optimal light conditions, a suitable character size is 
20–22 minutes of arc (Derefeldt, Bäckström, & Berggrund, 1997). In an 
aircraft, however, light conditions vary from darkness to (strong) sunlight, 
and are therefore often suboptimal. Vibrations and G-forces contribute to 
making identification processes, tasks, difficult, and therefore the suitable 
character size of 20–22 minutes of arc recommendation should be seen as an 
absolute minimum. 

Paper II: Perception aspects on perspective aircraft 
displays.  
Andersson, P. and Alm, T. (2003). 
In Displays, 24, pp. 1-13. 

Introduction 
Perspective or 3D displays for aviation have been the topic for a 
considerable number of research projects during the last two decades, but 
with limited influence on the actual design of cockpit displays. Here, 
research is focused on perspective or 3D pictorial displays and the 
understanding of symbols and symbol relations in such an environment. 3D 
pictorial displays may be defined as two-dimensional displays where the 
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three dimensions of Euclidian space are depicted (Bruce et al., 1996). When 
looking at the real world, there are many ‘natural cues’ that support all kinds 
of estimations (Wickens, 1992) which gives us life-long experience using 
these cues (see chapter of 2D and 3D displays for more details), including 
assessing relations between objects. However, in a 3D display the possibility 
of having, or achieving, the same degree of accurate understanding is 
complicated considering the fact that the world is scaled down to, for 
instance, a 6 x 8 inch display area with a limited field of view (FOV). 

The purpose of this study was to lay a foundation for later improvements and 
to express difficulties more explicitly. The focus in Experiment 1 is on 
judgment of target direction in an egocentric perspective. In Experiment 2 
the focus is shifted to judgment of spatial relations between ownship and 
target from different aspect angles in an exocentric perspective. 

Experiment 1—symbol recognition and target direction 
assessment 
The purpose of the first experiment was to evaluate human performance as 
regards symbol recognition and judgment of target symbol direction in three-
dimensional space from an egocentric perspective. 

Method 
Performance was analysed through analysis of variance (ANOVA) repeated 
measures factorial within subjects design with 5 symbol shapes x 5 azimuth 
angles x 3 elevation angles. 

Apparatus 
For the design work, as well as for the experiments, a SGI Indigo 
workstation with 19 inch colour screen (1280 x 1024 resolution) was used. 
An aircraft display and an answering tool were produced; these are described 
below. A registration program was produced too, where all scenario 
parameters for each trial were registered together with input data from the 
subjects. 

Subjects 
20 undergraduate students, six women and 14 men (age: 20–30 years), 
participated voluntarily. None of the subjects had pilot experience. 

Stimuli 
Five red-coloured different target symbol shapes (Figure 10) were used: 
three abstract shapes, and two arrows (more aircraft like). A velocity vector 
(for abstract symbols) - or the built-in directional information in the arrow 
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symbols - indicated the direction of the objects. The choice of symbols was 
planned or designed to analyse three more basic, abstract shapes with 
additional velocity vectors, and to complement these with more airplane like 
symbols with built in velocity vectors.  
 

 
 

Figure 10.  The five symbol shapes, where the first three symbols have velocity 
vectors and the two arrows indicate direction by the built-in information. All 
symbols in this figure are presented with azimuth angle (heading) +45° and 
elevation +45°. 

The symbol recognition and direction estimation was tested on a 6 x 8 inch 
colour indicator (Figure 11). Moreover, the point of view (POV) was located 
in front of the centre point of the indicator in a ‘north-in’ position. The 
centreline of the grid had a corresponding north-in direction. From the POV, 
the vertical FOV was ±13.5° and the horizontal view ±10°. The five symbols 
were presented in eight azimuth angles (0, ±45, ±90, ±135, 180°), and three 
angles of elevation (0, 45, -45°). However, the ± azimuth angles where 
treated as equal and thereby the azimuth factors were reduced to five. 
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Figure 11. The colour indicator with a target symbol. 

For the response activity a special tool was developed in order to facilitate 
the response procedure and to make it as intuitive as possible (Figure 12). It 
consisted of two components, a button panel with the tested symbol shapes 
and a dynamic arrow for directional estimations. The participants’ task was 
to select the perceived symbol (left side) and to drag the large arrow in 
perceived symbol direction.  
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Figure 12. The response tool with symbol buttons and a dynamic arrow. 

 

Procedure 
Five subjects at a time carried out the experiment. They were verbally 
informed about the purpose of the experiment and that their task was to 
recognize of five symbols and to judge the symbols’ direction in three-
dimensional space. The presentation procedure for each symbol is presented 
in more detail in Figure 13. The experimental session was divided into three 
sub-sessions with 50 stimuli presentations each. The order of the stimuli 
presentations was randomized. The total time used for the experiment was 
about one and a half hour. 

 

 
Figure 13. Sequence for stimuli presentation, including background, stimuli, mask, 
and time for response. 

 

Results 
The analysis is twofold: (a) how well the subjects can distinguish between 
different symbol shapes and (b) how well subjects can perceive direction of 
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the target symbol in the three-dimensional space. The analysis of direction, 
in turn, is divided into two separate ANOVAs, one for perceived azimuth 
and a second for perceived elevation. 

Recognition of symbol shapes 
The recognition of symbols was analysed in terms of proportion of correct 
identifications for every symbol shape. The analysis of variance showed 
significant main effects of symbols (p< .001), azimuth (p< .001 and 
elevation (p< .001), and all interaction effects were significant (p< .001). 
The sphere symbol, which looks the same irrespectively of symbol 
orientation, was correctly identified in almost all cases. The other four 
symbols change characteristics depending on symbol orientation, which may 
have contributed to poorer results. Figure 14 shows that the sphere symbol 
which looks the same irrespectively of symbol orientation (velocity vector 
excluded) was correctly identified in almost all cases. The other four 
symbols change characteristics depending on symbol orientation, which may 
have contributed to poorer results.  
One probable reason for this is that from certain angles the similarity 
between some of the four symbols was obvious. For example, the cube and 
the pyramid looked the same when the pyramid had azimuth 0° and 
elevation 0°. Also the arrows tended to look alike from certain angles.  

 
Figure 14. Symbol identification; proportion correct answers given five different 
azimuth angles and three elevation angles. 
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Perceived direction 
In the judgment of symbol orientation the perceived azimuth and elevation 
were separately analyzed.  
 
Perceived azimuth: The analysis of variance for perceived azimuth showed 
significant main effects of azimuth (p< .001), symbol (p= .003), and all 
interaction effects were significant (p< .05). There are great difficulties in 
azimuth estimation for azimuth 180° irrespectively of symbol shape and 
elevation. The two arrow symbols caused more difficulties than the other 
three symbols (abstract symbols with velocity vectors), especially for 
elevation 0° and 45°.  
Perceived elevation: The analysis of variance for perceived elevation showed 
significant main effects of azimuth (p< .001), elevation (p< .001), and 
symbols (p< .001). All interaction effects were significant (p< .001). There 
are indications that elevation -45° and +45° are over and underestimated, 
respectively, with about 5–25°, depending on symbol shape. At azimuth 90° 
with elevation 45° the two arrow symbols caused great difficulties. 

Experiment 2—judgment of spatial relations between ownship 
and target 
In Experiment 2, the purpose was to assess spatial relations between 
ownship and a target at a certain exocentric perspective with two different 
POV. 

Method 
Performance was analysed with split-plot analysis of variance (ANOVA) 
with a 4 x 5 x 3 x 2, with 2 groups (different aspect angles), and within 
factors with 4 azimuth angles, 5 elevation angles, 3 distances. The same 
experimental environment as in Experiment 1 was used. 

Apparatus 
The same experimental environment as in Experiment 1 was used. The 
answering tool was slightly modified, that is, the symbol selection panel was 
excluded because symbol identification was not an issue in this experiment. 

Subjects 
Two groups with 16 subjects (students) in each participated. Four women 
and 28 men (age: 20-26 years) participated, plus one man somewhat older 
than the others (43 years). 
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Stimuli 
The background environment was the same as in Experiment 1, except for a 
blue heaven instead of a light green one. The sphere shape from the first 
experiment was used both for the ownship and the target symbols with the 
same nominal size. Since a varying size of the target symbol was considered 
an important cue for distance (depth) estimation, it was considered necessary 
to use the same shape for both symbols.  

This made it possible to use the ownship symbol as a reference. The size of 
the target symbol was scaled in the same proportions as the underlying 
ground surface and the size was equal to the ownship symbol at equal 
distance from the POV. The actual diameter of the ownship symbol was 9 
mm on the screen and the velocity vector was 13.5 mm from the centre of 
the sphere. The velocity vector of the ownship was invisible through the 
whole experiment depending on the north-in heading, while for the target 
symbol it was randomly distributed in order to have a natural target 
appearance. However, the direction of the vector was not a matter of interest 
in this second experiment. The POV was located in front of the centre point 
of the indicator with vertical FOV of ±15° and a horizontal view of ±11°. 
Figure 15 shows an example of the stimuli presentation. Two different 
aspect angles were used, one for each group. One was straight behind and 
one 10° above the centre point of the indicator at the same distance from the 
centre of the indicator. The choice of 10° was based on a pre-test evaluation 
of various aspect angles in order to get the horizon within the FOV. 

The ownship symbol was always positioned at the centre of the indicator 
with a ‘north-in’ direction. The target symbol appeared at following 
positions: 

 Five azimuth angles (0, ±30, ±90, ±150°). 
 Five elevation angles (-40, -20, 0, 20, 40°). 
 Three distances between ownship and target symbol. 

The three distances (short = 1, medium = 2 and long = 3) give a variation of 
target symbol sizes depending on azimuth and elevation angle from ownship. 
Thus, the target symbol diameter varies from 8.0 to 10.5 mm. Moreover, the 
± azimuth angles were treated as equal and thereby the azimuth factors were 
reduced to four. Each combination of azimuth, elevation, and distance was 
presented three times, giving a total number of 180 trials in a randomized 
order. The trials were divided into three sub-sessions for each group in order 
to avoid fatigue effects. The stimuli sequence was the same as in Experiment 
1 except the fact that the ownship symbol was presented at the same time as 
the background (see Figure 15). 
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Figure 15. The colour indicator with ownship and target presentation. The aspect 
angle is 0°. 

 

Procedure 
Four subjects performed the experiment at a time and the experimental 
session was divided into three sub-sessions with 60 stimuli presentations in 
each. Except for this, the procedure was the same as in Experiment 1. 

Results 
The accuracy in perceived direction between the ownship and the target 
symbol in the three-dimensional space was analysed. The analysis of 
direction is conducted as two separate analyses, one for perceived azimuth 
and a second one for perceived elevation. 

Perceived azimuth 
The analysis of variance for azimuth showed significant main effects of 
azimuth p< .001) and elevation (p< .001). There were also significant 
interaction effects between azimuth and elevation (p< .001), and group 
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(aspect angle). azimuth, and elevation (p= .020). The azimuth judgments for 
azimuth 150 and 0° are fairly correct, while for 90° and especially 30° the 
judgments were poor. This pattern can be recognized for all elevation angles 
(Figure 16). Group refers to the between group factor of aspect angle, where 
group one have an aspect angle of 0° and group two sees the 3D presentation 
slightly above ownship at an aspect angle of 10°. Overall, these results show 
that aspect angle affect the azimuth estimations, but it depends on target 
direction (azimuth and elevation combinations). In some directions it is 
favourable to use an aspect angle of 0° while in other directions it is 
favourable to use an aspect angle of 10°. 
  

 
Figure 16. Plot of means for the 3-way interaction of group, azimuth, and elevation 
for the azimuth assessments. 

 

Perceived elevation 
The analyses of variance for elevation perception showed significant main 
effects of elevation (p< .001) and distance (p= .014). There were also 
significant interaction effects between group and elevation (p< .001), 
azimuth and elevation (p< .001), group, azimuth, and distance (p= .028), 
azimuth, elevation, and distance (p= .010) and between group, azimuth, 
elevation, and distance (p< .001). The elevation judgement for elevation 0° 
is good for all azimuth angles at all distances. Both group 1 (aspect angle 0°) 
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and 2 (aspect angle 10°) overestimate the elevation angle at azimuth 150° 
and 90° for elevation angles -40° for all three distances. This means that the 
elevation angle is perceived as closer to 0°. The results also show that 
elevation judgments at elevation ±40° and 0° overall cause less errors than 
judgements at elevation ±20°. 

Overall conclusions for perceived directions in Experiment 2 
Estimation of azimuth and elevation judgments show that all the investigated 
independent factors (aspect angle, presented direction, and distance) affected 
the results. The interaction between factors, and the difference between 
azimuth and elevation estimation overall gives a complicated pattern that is 
not obvious to interpret. However, it is clear that judgments of direction are 
not supported well in a 3D display like the one used here. 

Discussion 
The general conclusion that can be drawn from the experiments is that 
judgment of directions in 3D presentations is arduous in the static scenarios 
described here. So how is it to be interpreted what is good (or bad), 
functional (or less functional) in such situations? The answer, if merely 
discussed on the basis of numerical values, is not immediately apparent. 
First, it is hardly possible to say that a direction must be within five or ten 
degrees. Since this may give rise to life threatening situations, it is of crucial 
importance that presented information guides a pilot in a direction, and 
absolutely not misleads him/her. On the other hand, a direction nevertheless 
guides a pilot why, in many situations, it is not necessary to locate an exact 
position. 

Symbol recognition of 3D pictorial symbols is problematic concerning 
complicated symbol shapes as well, depending on different appearances for 
various symbol headings in 3D space. The sphere symbol was correctly 
identified irrespectively of 3D direction, while the other four symbols, 
looking different when rotated in 3D space, are problematic to identify. 
Smallman, St. John, Oonk, and Cowen (2000) found similar results. 2D 
symbols were identified faster and more accurately (than 3D realistic icons) 
one reason being that the identification of 3D icons depends on the heading 
of 3D icons, while heading does not affect identification of 2D symbols. One 
conclusion from our research is that shape is not a good enough distinguisher 
between target categories. The 3D heading of objects seems easier to 
estimate for abstract symbols (sphere, cube and pyramid) than for arrow 
symbols. This indicates that the direction content in the abstract symbols 
with velocity vectors is stronger than built-in directional information in the 
arrow symbols. This particular finding may have important design 
implications for (the development of) future displays.  
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Looking more closely at these results in relation to design purposes, thus, a 
display as the one used here, for the tasks focused, must be altered so that 
performance may be improved. Evidently, more elaborate cues, or 
supporting tools, must be introduced to enhance the usability of 3D displays. 
Issues like optimal POV, scaling (different scales for objects and ground 
surface, scaling algorithms, etc.), range of sight, level of realism in ground 
presentation, and altitude and distance presentation still remain to be 
thoroughly analysed and consequently resolved. 

Paper III: The Value of Spatial Cues in 3D Air Traffic 
Displays.  
Alm, T. and Lif, P. (2007). 
In The International Journal of Aviation Psychology, 17 (2), pp. 109-129. 

Introduction 
Information about surrounding aircraft is crucial for civil and military 
aviation, not least for safety and tactical reasons. In the Swedish Air Force 
this type of information is also automatically transmitted through data links 
to modern fighters, and displayed on tactical indicators in cockpits. We have 
been interested in, explored, how to present this flight situation for pilots in a 
more natural way, that is, by using the actual perspective from a cockpit. 
When pilots look out through the canopy, they have a view of the real world 
and its three spatial dimensions. The basic idea is to use this natural format 
for situation displays to facilitate display interpretation. Horizontal 2D 
displays force pilots to integrate position with altitude information, a process 
which is mentally demanding (Wickens & Carswell, 1995) and susceptible 
to incorrect combinations of position and altitude, hence errors. A 3D 
pictorial or perspective display, on the other hand, may render intuitive 
understanding through its more integrated format. 

Experiment 1 – 3D bearing estimation 
The purpose of this experiment was to measure the capability to assess the 
3D bearing between ownship and other objects using a 3D pictorial aircraft 
display in dynamic scenarios deploying two experimental conditions, with 
and without drop-lines. A 2 x 3 x 7 factorial within-subjects design was used 
with two spatial cue conditions (sphere-alone and sphere with drop-line), 
target appearance at three elevation angles (-30, 0, +30) and thirteen 
azimuth angles (0°, ±24°, ±48°, ±72°, ±96°, ±120°,  ±144°). The ± azimuth 
angles were treated as equal, which reduced the azimuth factors to 7. These 
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azimuth angles were chosen to avoid assessment biases in the use of 
‘standard’ angles like 0°, 45°, 90° and so forth. The wide range of angles 
was necessary to include the complete surrounding space. The order of cue 
condition was counterbalanced between subjects. 

Method 
Apparatus 
The experiment was carried out in a flight simulator that had three angled 
screens (2.5 × 3 meters). They were placed around a cockpit mock-up at a 
distance of three meters from the pilot and the environment was projected on 
these screens. The experimental display was shown head-down on a fifteen-
inch colour LCD display at a distance of about 70 cm from the pilot. The 
simulator was set to a automatic flight mode with pre-determined flight 
paths. Ownship headings were randomized. 

Participants 
15 university students (expenses compensated), nine women and six men 
(age 20-30 years) with no pilot education or experience participated. All 
participants had normal colour vision and normal or corrected-to-normal 
visual acuity. 

Stimuli 
The ground in the experimental display (perspective head-down display) was 
a green topographic landscape (Figure 17). A black grid was added on top of 
the terrain to enhance the linear perspective and thereby primarily support 
depth (distance) perception. The presentation outside the cockpit used the 
same 3D terrain model as the head-down display, but its textures were based 
on aerial photography, rather than the simplified presentation in the cockpit. 
The FOV of the perspective view presented by the display was 80° 
horizontally and 60° vertically. The own aircraft location was at a distance of 
2000 meters from the camera position. The aspect angle of the camera was 
18°, which placed the ownship symbol in the geometric centre of the display 
and gave an exocentric view of the flight situation. The choice of camera 
angle was made for practical flight reasons in order to keep the horizon 
within the display.  

Dynamic shading with a constant light source was used for continuously 
supported directional understanding (e.g. variation in aircraft headings) of 
the flight scene. Yellow non-transparent 3D spheres with direction vectors 
represented all aircraft. The symbol size expressed in viewing angles varied 
between 0.3° and 1° (2.4 and 8 mm. on the screen) in the scenarios 
depending on the symbol distance from the camera position. When an 
aircraft became a designated target, the sphere flashed in red for 0.5 seconds 
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before turning steadily red. None of the designated targets were smaller than 
0.5° when they changed colour. The symbols had the same nominal size, 
which means that the spheres had the same size on the display when at the 
same distance from the camera position. We used spheres for target and 
ownship symbols because our earlier studies on 3D symbol shapes found 
that the spherical symbol shape was optimal in a perspective display when 
symbol size was used as a cue for situation assessment (Andersson and Alm, 
2003). Since the sphere has the same size irrespective of orientation (course), 
it is possible to perceive distance relations between different symbols 
(aircraft) by using relative size as a reliable and intuitive cue.  
 

 
Figure 17. The basic display design with the two spatial cue conditions (sphere-
alone and sphere with drop-line) with the ownship in the geometric centre of the 
display.  

It is to be noted that, in Figure 17, the drop-lines and direction vectors were 
solid black and all the symbols were yellow except for the target that turned 
red in the prioritizing procedure. 

The answering tool (Figure 18) had a large blue 3D arrow in the centre with 
a horizon in the background. The ground surface was brown and the sky was 
light blue. No grid was presented in the answering tool since the purpose 
was to retrieve the 3D bearing without relying on any of the cues from the 
original display. In order to support the response arrow manipulation, two 
black one-dimensional pointers were implemented, one for the horizontal 
and one for the vertical plane. Dynamic shading of the arrow was used as in 
the experimental display to further support that the subjects could 
manipulate the arrow and point it at intended direction. The answering tool 
was validated in an earlier pre-test, where participants were told to direct the 
arrow to a number of anchor angles (multiples of 30º). These angles were 
clearly expressed to the participants so that misunderstandings of the actual 
direction should be avoided. This test found that participants’ manipulation 
of the answering tool was essentially error-free. This means that the subjects 
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can point at intended direction, and that it is unlikely that the results from 
this experiment are affected by any tool bias. 

 
Figure 18. Response tool for 3D bearing input with the 3D arrow in the center, a 
ground surface without grid, sky above the horizon, and supporting pointers. 

Procedure 
The participants were given verbal instructions about the purpose (relative 
bearing assessment) and procedure of the experiment before starting a 
training round under supervision. In addition to this information, participants 
were told to prioritize accuracy over speed and to think in terms of 3D 
bearing (i.e. not in terms of azimuth, elevation, and distance) in order to 
conform to the level of information integration in the display. The 
experiment was divided to three sessions with one round for each of the two 
spatial cue conditions and one training round. Every session consisted of 42 
trials, except for the training round which consisted of 10 trials. The 
complete procedure took between 90 and 120 minutes for every subject. A 
trial started with a fifteen-second flight in different courses, during which no 
other aircraft was shown. This was followed by fifteen seconds during which 
the ownship was flying a straight horizontal trajectory and three other 
aircraft symbols were visible on screen. The other aircraft always flew 
straight and maintained altitude at a randomized heading. Finally, a ten 
second period followed, during which one of the aircraft symbols began to 
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flash red, indicating the designated target. An auditory alarm signal was used 
to alert the subject two seconds before the target would flash on the head-
down display. When the participants had assessed the bearing (usually 1-3 
seconds) to the target, they acknowledged this by pressing a response button 
on a joystick. The joystick served as an input device for an answering tool. 
At this moment the simulation was paused and the answering tool appeared, 
replacing the tactical information on the head-down display. Thus, the 
participants were not able to view the targets while manipulating the 
answering tool. They had to hold the perceived 3D bearing in memory and 
retrieve it for representation using the answering tool. When an answer had 
entered, the next trial began automatically. This sequence was repeated until 
all trials in the current round (cue condition) were completed.  

Results 
The analysis of direction was divided into two separate analytic procedures, 
one for elevation and a second for azimuth, decomposed from the 3D 
bearing assessments. 

Analysis of elevation Error.  
The results of the ANOVA show significant main effects of cue (sphere 
alone or with drop-line) p= .0025, azimuth p< .001, and elevation p< .001. 
No interaction effects were significant, p> .05. The small mean improvement 
of about 4 degrees for the cue condition suggests that the statistically 
significant effect of drop-lines may contribute only marginally to improved 
performance (Figure 19). 
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Figure 19. Plot of absolute means and ± 1 Standard Error for the main effect of cue 
condition (sphere-alone and sphere with drop-line) on elevation errors. 

As regards the azimuth condition, the Tukey HSD post-hoc test show a 
difference between azimuth 0° and the azimuth angles 48-144° (p< .005), 
and also between 24° and 120° (p< .05). The deviations from correct 
estimates are more obvious in the forward sector, especially at 0° and 24°. 
This shows that performance of estimating elevation bearing is weak in the 
forward sector. For the elevation condition, estimates at elevation 0° were 
slightly better than at elevation ± 30°, p< .005. The improvement of 4-5 
degrees shows that it is easier to estimate elevation at the same height as 
ownship. 

Analysis of azimuth Error 
The results of the ANOVA show significant main effects and interaction 
effects (p< .05). However, the Tukey HSD post hoc test showed that 
significant differences mainly appeared in elevation condition -30(Figure 
20). 
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Figure 20. Plot of means and ± 1 Standard Error for the three-way interaction 
between cue (sphere-alone and sphere with drop-lines), azimuth, and elevation for 
the azimuth error. 

A key implication for display design is that drop-lines contribute to better 
assessment only for targets below the ownship altitude and in the forward 
sector. In all other conditions, differences are minimal. Probably, the reason 
for the need of drop-lines in the forward, downward direction is that the 
camera position (above and behind the ownship) sometimes influences 
assessments negatively by superposing targets against the ground surface.  

Another important finding is that the subjects otherwise performed the 
assessment task relatively accurately (except for the condition mentioned 
above) although the meaning of ‘accurate’ naturally may be problematised in 
regard to the setting. For this task, it is probably good enough to get an 
overall direction to ensure that attention is correctly directed. Then, more 
refined adjustments will probably be carried out when looking directly at the 
object outside the airplane, or letting the airplane system use its sensors for a 
more exact judgment. 

Experiment 2 – relative height assessment 
The purpose of this experiment was to investigate the human capability to 
assess altitude differences between the ownship and other aircraft, a focused 
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attention task. Such differences were expressed in two terms, closest and 
most distant (referring to height). 

Method 
The participants’ task was to assess relative altitude difference between the 
ownship and a designated ‘target’ aircraft. A within subjects design with two 
experimental cue conditions was applied, sphere-alone and sphere with drop-
lines. The order of cue condition was counterbalanced between subjects. 16 
different scenarios were developed and applied to the two design 
alternatives, altogether 32 scenarios (trials) for every participant. 

Apparatus 
The apparatus was the same as in Experiment 1, except for the answering 
procedure, which comprised colour-coded buttons on a keyboard. The button 
colours corresponded to target colours on the display presentation. 

Participants 
28 university students (expenses compensated), that is, 14 women and 14 
men (age: 20-30 years), with no pilot education, participated. All participants 
had normal colour vision and normal or corrected-to-normal visual acuity. 

Stimuli 
The principal display format was the same as in Experiment 1 with the same 
set of cues. The symbol colours, however, were changed to allow colour 
coding to discriminate between target symbols. The colour of the ownship 
symbol was white and the seven target symbols were orange at the start of 
the scenario. After a time, three of them were highlighted, by changing to 
yellow, green, and red. The scenarios used in this experiment consisted of 
seven target symbols and the ownship symbol. Three of the targets were 
chosen to be prioritized in every scenario. The ownship had constant course 
(north-up), altitude (3000 m), and speed. The targets had constant but 
different courses, constant but different altitudes and the same constant 
speed (1.6 times the ownship speed). The space was divided into six layers 
above and six layers below the ownship altitude, and the targets were 
distributed within these layers (for details se Paper III). 

Procedure 
The participants were shown how to operate the colour-coded buttons and 
completed a training round. During the training session, participants were 
given immediate feedback with correct answers. They were told to 
emphasize accuracy over speed. 

Every scenario consisted of the following progression, sequence by 
sequence: 
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1. Ownship and target symbols were presented. 
2. After 8 seconds, one of two phrases appeared on the top of the display, 

either “most distant” or “closest” (referring to altitude), which directed 
the participants to focus on either the target at the most distant or the 
closest altitude with respect to the ownship. 

3. After 2 more seconds, three target symbols started to twinkle at 10 Hz 
for half a second and then changed to yellow, green, and red. The non-
highlighted symbols remained orange. 

4. Thereafter, participants had 5.5 seconds to answer by pressing the colour 
coded button to indicate which of the three targets corresponded to the 
stated phrase. 

5. The following scenario started immediately after a response, or 
maximum response time. 

Results 
Comparisons were made between the two cue conditions according to the 
number of correct answers, and response time as dependant variables. A t-
test for correct answers showed a significant difference between conditions, 
p< .001. The results show that the addition of drop-lines made it possible for 
participants to perform the task with almost no errors (maximum number of 
correct answers was 16). A t-test for response time showed a significant 
difference between conditions, p< .001. The participants were almost one 
second faster during the drop-line condition. These results strengthen the 
argument that the addition of drop-lines improves performance in this 
focused attention task.  The sphere-alone condition was both less accurate 
and had slower responses than the drop-line condition. It appears that drop-
lines are important for relative altitude estimations in this kind of 3D display. 
Both accuracy and time to estimate relative altitude have strong implications 
for aviation safety.  

Experiment 3 – collision risk detection 
The purpose of this experiment was to investigate the subjects’ ability to 
identify collision objects, a task with high relevance in the real world.  By 
collision objects I mean other aircraft with courses and altitudes that will 
intersect at a specific time with the own ship’s course and altitude.  The 
integrated task to identify collision objects is complicated and may depend 
upon a set of perceptual cues that may (or may not) be available in a display 
presentation. These cues, which include relative motion, optic flow, relative 
size, and relative position, have been subjected to previous research and are 
central to the collision detection process, as well as to the flight situation as a 
whole (e.g. Bruce et al., 1996; Gibson, 1979).  
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Method 
The participants’ task was to identify one target, among a set of targets that 
was on a collision course towards the ownship. A within subjects design 
with two experimental cue conditions was applied, sphere-alone and sphere 
with drop-lines. 

Apparatus 
The apparatus used in Experiment 2 was used in this experiment as well. The 
answering procedure employed colour-coded buttons on a keyboard, with 
the same or corresponding target colours on the display as in Experiment 2. 

Participants 
16 university students (expenses compensated), that is eight women and 
eight men (age: 20-30 years), with no pilot education, participated. All 
participants had normal colour vision and normal or corrected-to-normal 
visual acuity. 

Stimuli 
The basic display design from Experiment 1 was used with minor changes of 
the ground surface colour. The colour of the ownship symbol was yellow. 
Five targets appeared, one of these being the collision object. The target 
symbols were red, blue, orange, green, and grey. All five target symbols 
appeared simultaneously. Only one object had a collision path and this 
object started from one of the 27 azimuth/elevation angles at the same 
distance from the ownship in each scenario. Non-collision aircraft had 
courses that randomly passed through a spherical space with a radius 
between 200 and 750 meters around the ownship’s future position, while the 
collision object had no separation from the future ownship position. The 
starting points for non-collision objects were randomized between the 
elevation angles –20and +20and between the azimuth angles –48and 
+48. All targets held a constant 3D heading and maintained a constant 
speed of 400 m/s. Ownship velocity was 300 m/s at 3000 meters altitude. 
Every scenario lasted until responses had been given or for a maximum of 15 
seconds. No target object was allowed to interfere with another. The 
independent variables (sphere-alone or sphere with drop-line), the chosen 
azimuth and elevation angles and the fact that all combinations were 
repeated twice for the 16 participants means that 960 trials were collected. 

Procedure 
The participants were shown how to control and operate the colour coded 
response buttons and completed a training round. Further, the participants 
were informed to prioritize accuracy over speed. The instructions did not 
include any recommendations as to how to assess collision risks. During the 
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training session, the participants received feedback on the correct target after 
every trial. The complete procedure took about 45 minutes for a subject.  

Results1 and Discussion 
Comparisons were made between the two cue conditions using numbers of 
correct answers and response time as dependant variables. A t-test for 
correct answers showed no significant difference between conditions, p= .13. 
The results show that the addition of drop-lines did not improve 
performance. A t-test for time to answer showed no significant difference 
between conditions, p= 0.83. This means that drop-lines did not improve 
neither collision assessments, nor response time. The addition of drop-lines 
did not contribute to better performance in this kind of integrated task. 

Analysis of static versus dynamic scenarios 
Static scenarios are not representative of aviation and other dynamic 
domains, since the movement and temporal aspects are important in situation 
assessments (Bruce et al., 1996; Gibson, 1979). To assess this claim, we 
compared the results from an earlier experiment with a static scenario 
(Andersson & Alm, 2003) to Experiment 1 in the current paper. In both 
experiments, participants had to assess a tactical situation by estimating 3D 
bearings between ownship and targets. The display format and design was 
similar, the symbols had the same shape; the same kind of response tool was 
used too.  

The result of elevation error analysis, a between-subjects ANOVA, showed 
no significant differences between the static and dynamic scenarios. One 
possible explanation is that the angle velocity is low in the vertical plane in 
the dynamic scenarios, which makes the difference limited compared to the 
static condition. The result of azimuth error analysis, between-subjects 
ANOVA, showed significant main effects of dynamic versus static (p< 
.001), elevation (p< .001), azimuth (p< .001), and interaction between 
dynamic/static x azimuth (p< .001). As presented in Figure 21 the subjects 
performance was more accurate in the dynamic- than in the static scenario, 
except for azimuth 0. These results show very clearly that the addition of 
motion improve performance significant and certainly is a more appropriate 
investigating flight situations were motion is an important factor. 

                                                 
1 In the published paper a χ2-test and an analysis if variance was used which here were altered 

to two t-tests since this are more correct. However, the overall results and conclusions 

remains the same. 
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Figure 21. Plot of mean deviation and ± 1 Standard Error for the 2-way interaction 
between static and dynamic condition for azimuth estimations. 

General discussion and conclusions 
In the experimental series reported here the utility of drop-lines, an 
additional spatial cue, in a 3D tactical display for three tasks were 
investigated, all important in aviation: bearing assessment from ownship to 
other aircraft, altitude relations to other aircraft, and collision detection. 
Improvements of practical value were found for aviation when adding the 
cues in the second task (judging relative height) and in forward/downward 
direction of the first task (3D bearing estimation). The reason behind the 
need for drop-lines was probably in the forward, downward direction that the 
camera position (above and behind the ownship) may have influence the 
assessments negatively by superposing targets against the ground surface. 
Since the participants perform so bad in this situation a further investigation 
should be performed to investigate the reason behind this, and to make sure 
that it is not an affect of students instead of pilots as participants. 

The interpretation of this is that there is a need for additional cues in focused 
attention tasks and under certain circumstances in integrated tasks. These 
results prompt to following recommendation: 
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If you have an integrated task using a 3D display and must change 
to a focused attention task it will be enough to add drop-lines to 
the 3D display. There is no need to change display format. The 
basic display design should include drop-lines for targets in the 
forward sector when they appear below the horizon. 

Since there normally are very much information presented at the tactical 
indicator it is probably a good idea to only use drop-lines when they really 
are needed, in focused attention tasks. Thereby, the risk of de-cluttering the 
display is minimized. However, since only a limited number of tasks are 
explored here there need to be a further exploration of exactly which tasks 
that are focused and integrated. The methodological issue of static and 
dynamic approaches shows the results from the static scenarios had limited 
generalization power to real situations. This leads to the conclusion that most 
experimental studies carried out in static scenarios need to be replicated in 
dynamic settings in order revise or confirm the conclusions made. 
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General discussion 

This chapter describes the main findings, limitations and implications of the 
research carried out. First the most significant, authoritative, parts of the 
research are summarized and described. Thereafter, a number of limitations 
of the studies (hence research) are put forward. Finally, theoretical and 
practical conclusions are presented. 

Main findings 
The main findings from the three scientific articles are described in terms of 
different topics (or categories) to clarify and emphasize important aspects. 
These topics are, of course, parts of a larger frame, whole, and must be seen 
together as well. The parts are attended to, brought together, in the coming 
section Implications. 

Vibrations and 2D symbol identification 
Vertical vibrations in military airplanes are a problem that potentially can 
impair readability. Therefore readability of vertically vibrating symbol heads 
and indexes was investigated (Paper I). The results show that symbol Head C 
was particularly difficult to identify. The reason for lower performance in 
the identification of Head C is probably its complexity and resemblance with 
Head E. Another possible explanation is that the involved participants did 
not perceive the semicircle (at all), and thereby mistook Head C for Head A. 
Vibrations affected the readability of the symbol heads, but only Head C was 
harder to identify during higher frequencies. It is otherwise believed that 
ceiling effects constituted a probable reason, that is, prevented higher 
vibration frequencies from affecting readability of other symbols. Figure 
orientation too affected the identification of heads; it was noticeable that 
horizontally oriented figures were more difficult to identify than oblique 
oriented ones.  

Readability of indexes was affected by the vibration frequency, the type or 
number of index lines, and the variation of symbol heads that were, at any 
given moment, presented with the indexes. Index I and V were almost 
perfectly read, while index II, III, and IIII actually caused reading errors, 
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where the reading tended to be more arduous as the number of index lines 
increased. Furthermore, it was trickier to identify indexes (II, III, and IIII) 
when oriented horizontally than when orientated obliquely. Performance also 
decreased at higher frequencies, while for oblique oriented indexes 
performance remained unaffected up to the highest (meaning: here 
investigated) vibration frequency of 7 Hz. When the size of the indexes 
corresponded to the real situation (about 33% smaller than when explored in 
the first experiment) horizontally presented indexes (and symbols), again, 
were much harder to read then oblique ones. As for the larger indexes, the 
participants could read between 65-90% of the oblique indexes and about 
90% of the horizontally oriented indexes. As regards the smaller, size 
realistic indexes, on the other hand, the participants could read 40-70% of 
oblique and 10-30% of the horizontal indexes. 

To conclude the examination of the readability of vertically vibrating 
symbols (heads and indexes), so called complex heads, especially those with 
an open semicircle, these seem to be so problematic that they probably 
should not be used together with other resembling symbols due to the risk of 
confusion. If they are used, they should not occur or be found in contexts of 
graphically similar symbol heads. Focusing the indexes in particular, there is 
an obvious problem with the use of multiple lines during vertical vibrations: 
the readability degrades concurrently with an increasing number of lines. 
The more lines there are (cf. analyses in II, III, and IIII), the poorer 
readability. This last problem is even more serious when the indexes are 
presented horizontally, since the vertical vibrations, in the research carried 
out here, tended to ‘smear’ them over each other. 

3D Symbols 
If information should be presented in a 3D perspective display human 
performance regarding recognition of 3D symbols, and perceiving the 3D 
symbols direction in 3D space (Paper II) must be investigated. The 
recognition of totally five 3D symbol shapes, with velocity vectors rotated in 
different directions in 3D space, was evaluated throughout the research 
process. One main result here is that only the sphere symbol was correctly 
identified, irrespectively of orientation. One reason for this may be that the 
sphere symbol is the only symbol having no accidental viewpoints. In other 
words, the regularities necessary for recognition are present at all viewing 
angles. All other occurring symbols used in the experiment do have 
accidental viewpoints, why they cannot be recognized from all viewpoints. 
All this being the case, results thus support the fact that the sphere symbol is 
identified without any problems whatever. Each of the other four symbols 
(square, pyramid and two different arrows) showed poorer results at different 
rotated angles.  
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The judgment of direction in 3D space involving presented symbols in a 
static scenario (snapshots) with velocity vectors added or built-in (like the 
case with the arrows) turned out to be a difficult task and caused numerous 
misconceptions. These errors, however, do not exhibit a simple pattern. It 
appears that the direction away from the observer is particularly problematic 
since the velocity vector cannot be seen at all. In addition to this, 3D heading 
appears to be somewhat easier to estimate for the abstract symbols with 
added, distinct velocity vectors - than for the two arrow symbols. This 
probably implies that shape alone is not sufficient for a proper distinction of 
the five symbols in all directions. Therefore, the symbol shapes need to be 
altered, replaced; or redundant information must be presented so that it 
strengthens, or supports, recognition. Another observation is that directional 
information is not good enough as presented in Paper II. Yet, this is 
something of a limitation and will be taken up and discussed again in the 
section Limitations. This study is realized through a static scenario, and there 
are reasons to believe that recognition, and perhaps perceived direction in 
particular, may be improved in a dynamic scenario. 

Spatial relations between objects in static and dynamic scenarios 
To assess spatial relations between airplanes (presented as symbols on a 
display) and thereby attain fair situational awareness of 3D space is 
absolutely essential for any pilot. Here, the spatial relations was investigated 
in a static scenario (without drop-lines), and later in a dynamic scenario with 
and without drop-lines. Results from the static scenario clearly show that 
direction cannot be perceived correctly in a number of situations. An 
important conclusion from this must therefore be that a sparse presentation 
as these used here simply is not good enough, why additional cues need to be 
added (i.e. motion and/or drop-lines). In Paper III, motion and drop-lines 
were added as cues to the presentation. A comparison between the dynamic 
and static scenarios (with no drop-lines) shows that motion indeed is a very 
important factor for an interpretation of the relations between two objects in 
space (Gibson, 1979). In all cases, except for the perception of direction 
straight ahead, a dynamic scenario ‘offers’ a viewer much better awareness 
of the spatial relation between objects. As regards straight ahead, there is no 
significant difference between static and dynamic scenarios. 

Use of drop-lines and task dependency 
Drop-lines undoubtedly affect performance in a flight situation with a 3D 
presentation as the one investigated in Paper III, but this issue seems to be 
task dependent. Three tasks were investigated: two integrated ones (3D 
bearing estimation and collision detection), and one focused attention task 
(altitude relations). Drop-lines improved performance in the focused 
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attention task and in some directions in the integrated task of bearing 
assessments.  

As regards relative height assessments, where the task was to assess height 
differences between two objects in space it was obvious that participants 
performed better with drop-lines. In concrete terms, the response time was 
almost one second faster when drop-lines were being used. As regards 
bearing estimation, where the task was to assess relative bearing between 
two objects in space where the overall conclusion is that drop-lines can 
improve performance in some specific bearings while (for details see Paper 
III) in other directions the performance is the same with or without drop-
lines. Performance with only spheres was not better than spheres with drop-
lines at any case. The results for bearing estimations were not as clear-cut as 
for relative height. 

Limitations 
All experiments included in this thesis take place in laboratory settings. This 
fact is in itself a limitation, considering the idea that real settings (hence 
understanding of real situations) are crucial for research on, for example, 
pilots’ professional activities. Throughout the account, there have therefore 
been numerous reminders of this. As described in the theoretical framework, 
there is a cognitive triad involving environment, interface, and user; attempts 
have been made to take the environment and the user into explicit 
consideration whenever possible. 

In the case here as in the ecological approach (Vicente, 1995) exploring 
constraints in the environment is of major importance. The research here 
explores both possibilities and constraints in developing a 3D display. In 
Paper I, constraints due to vertical vibrations, the visual systems possibility 
to compensate, and vibrations impact on reading symbols is evaluated. In 
Paper II and III, symbol recognition, spatial relations between symbols in 
static and dynamic scenarios, relative height, and collision risk are evaluated,  
and the effect of using drop-lines are evaluated.  

As far as it has been possible, the studies have been designed to reflect the 
real setting. Repeated dialogues (i.e. discussions) with military personnel 
have been held to assure that the research addresses and concentrates on 
actual, relevant military questions, and provides solutions to the investigated 
matters. This is important since not any description of the environment will 
do. Even though some work of to understand the environment has been done 
this description could be improved. A thorough task analysis, instead of the 
overall simplified description presented in this thesis could further give 
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important information of military pilots’ situation and challenges. Methods 
that can be used have been developed by other researchers, i.e. Applied 
Cognitive Task Analysis (Militello & Hutton, 1998) and hierarchical task 
analysis (Preece, Rogers, & Sharp, 2002). 

One obvious limitation in this work (seen from outside), is that only students 
participated as informants during the research processes, due to the fact that 
possibilities of involving professional military pilots are circumscribed. The 
number of such pilots is limited, and their primary task is to fly airplanes, 
not to participate in research. It is to be noted, however, that studies like 
those in Paper I, II, and III more or less have to be performed by novices. 
Later in a design process, when a display or system is more ‘mature’, getting 
ready to be implemented in a real setting, the display or system is evaluated 
by military pilots in a simulator and then, finally, in an actual airplane and 
real setting. So although it would be desirable, for practical, functional, 
scientific, technological etc. reasons, that the data collecting and analyzing 
situation had other initial prerequisites, this constitutes reality for human 
factors research exploring aspects of military settings.  

Another important question is, of course, if and how the choice of students 
affected the results and thereby the generalization of these results to military 
settings. There is absolutely no doubt that pilots possess knowledge about 
the explored setting that students do not, perhaps cannot, have. However, the 
investigated questions were restricted so that military knowledge was not 
essential for the performance of the tasks. It is important to note that the 
identification of symbol heads probably differs between novices and 
individuals who have learned, are professionally trained, to see and interpret 
the symbols under discussion here. Pilots can probably identify such 
symbols better than novices, but it is difficult to support that the effect of the 
vibrations would differ between the groups.  

Secondly, there are probably not any differences in identifying number of 
indexes, since these only have a simple meaning of numbers (1-5). The 
indexes ‘smear’ over each other irrespectively of whether the subject is a 
pilot or a student, so the effect of orientation (harder when presentation is 
horizontal) should not be influenced by group identity. In Paper II and III, 
the main focused ability is understanding and estimation of objects in 3D 
space, which is a highly relevant task that pilots need to master in tactical 
situations. Since pilots train this, there could be reasons to believe that they 
would be better than students in performing such tasks. On the other hand, 
students are usually younger than professionally educated pilots, and 
adolescents often have more experience from computer games, including 3D 
worlds. Such games often involve moving about in labyrinths, estimations of 
enemy locations in 3D worlds, etc., why also students may be expected to be 
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relatively used to act upon such given information. Seen from this 
perspective, thus, there are reasons to believe that also students have skills of 
perceiving objects in 3D space, although it is uncertain which of the group is 
best suited for the tasks evaluated in Paper II and III. Since students are used 
the generalization of the results must be done to a wider population than just 
pilots in military settings. 

The study in Paper I is limited in the sense that only the display was 
vibrating, while a real situation is more complicated since the display and 
pilot are both affected by vibrations. Paper I presents the first experiments 
within the research field which explains the use of a more basic setup. At the 
time of the work there were few possibilities of requiring equipment for 
experiments where vibrations also could affect subjects. Yet another 
limitation was that it was not possible to use exact vibration frequencies, 
simply because such data was not available for research outside real 
practices. One can argue that a remedy for this was the contact with a 
professional working with JAS 39 Gripen, who verbally verified that the 
used vibration frequencies were valid nevertheless. 

How symbols’ direction is estimated (see Paper II) could have been further 
explored in a dynamic scenario. In the experiment with a static scenario, 
there was no information of motion, as would have been the case in a real 
situation. Here, a symbol would have moved in a specific direction that 
would have offered a viewer complementary information that (along 
together with the velocity vector) probably would have improved situational 
performance. 

To divide the tasks to focused and integrated tasks might, at first sight, seem 
as analytic manipulation (i.e. a construct), since motion in 3D space always 
is complex and thereby perhaps could be seen as integrated. Still. I believe 
that the task for pilot or perceiver can be focused or integrated. It refers to 
the task that is performed, not to the fact that objects are moving in 3D 
space. In Paper III, three experiments showed that the effect of drop-lines is 
depending on task. There is however a limitation in that I only investigated 
one focused and two integrated tasks. This could be extended with more 
experiments in a study with focus on this specific question. Also, a separate 
literature study could be performed to investigate other researchers work on 
3D pictorial displays and task dependency. 

The reader has by now probably noticed the absence of studies that actually 
compare 2D and 3D displays in this thesis. When it comes to this issue (also 
more in general), surprisingly few previous research studies have done this. 
Turning to the thesis again (Paper II and III), only the 3D display is 
evaluated, something which might be looked upon as a limitation. It cannot 
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be emphasized enough that it would be truly interesting and scientifically (as 
well as practically) rewarding to have a future opportunity of comparing 2D 
and 3D displays that have motion and other cues included. Doing so, it 
would probably take two 2D displays in order to be able to compare these 
with one 3D display, as it is not possible to present both horizontal and 
vertical information in a 2D display. Seen from the perspective of the 
research reported here, this would be an interesting future development. 

Implications 
The research in this thesis has mainly been conducted from a practical point 
of view with the focus on developing a 3D display that can improve the 
situation for pilots in the cockpit. In this section, present work implications 
and other relevant research is discussed out of a mainly practical perspective, 
but also with some theoretical reflections. 

This thesis evaluates the possibilities of using 3D perspective displays and 
2D displays, but also attempts to convey, communicate, the limitations of the 
display formats. From a practical point of view, a primary question would 
be: should a 3D display replace a 2D display in the fighter airplane cockpit? 
Before such a replacement is even practically considered, it is of outmost 
importance to identify and evaluate all possible positive and negative 
consequences, since a change of display type could jeopardize human lives, 
besides demanding expenses as well as thoroughly planned efforts. Looking 
at the results in this thesis only (i.e. Paper I, II, and III), such a change 
should not be recommended, particularly since no evaluation has been 
realized in a real setting, but also because no direct, thorough or systematic 
comparison between 2D and 3D displays has been made. A subsequent 
question, considering the results presented here along with other researchers’ 
work is: should a 3D display replace the 2D display that is being used today? 
Well, the answer is more uncertain, but I believe that it can be achieved. 
Still, the change is, for various reasons, hard to achieve today, although it 
can be speculated that such a change is about to come within a number of 
years. However, if this type of practical/functional change is to be ‘a reality’, 
additional research studies and practical test opportunities are deemed to be 
required. 

Display design and the ecological perspective 
It is believed that research as presented in this thesis, should take ecological 
considerations into account when designing displays. This does not 
necessarily mean that studies must be performed in an actual setting with 
actual users; none of the studies here met these requirements. Rather, an 
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ecological approach (focusing human factors) should include a study of an 
environment that is relevant to a user. This implies that pilots’ affordance in 
a situation should be described as a functional issue or problem. 
Furthermore, affordance sets the agenda for the development of interface 
(and matters pertaining to this). Finally, user limitations and skills must be 
considered. Although research here could have been more strictly ecological, 
the intention has been to consider real settings and adhering functional 
problems and, on the basis of this, design a 3D tactical display. 

A naturalistic approach to display design (like a 3D representation) probably 
increases pilots’ performance and supports SA since it tends to be more 
compatible with operators’ mental model(s). An interface that is based on 
ecological perception does not present any specific action or solution, but 
rather present the important constraints in a way that allows the user to 
identify the best ways to achieve the goals. A user can thereby compensate 
for external disturbances (Pejtersen, 1988; Rasmussen 1986), and employ 
strategies that otherwise may differ from user to user. In military 
applications, some of these constraints are the mission, strategies, criteria 
(rules) for the use of military force (Rules of Engagement), weather 
conditions, the enemy, and the enemy's situation. If a situation is to be 
improved for a pilot, constraints need to be visualized. In this regard, 
monocular cues and drop-lines create one possibility of improving pilots’ 
SA. Thus, an ecological approach provides important knowledge and 
inspiring explanations of visual perception, but it also provides a theoretical 
basis for the design of systems involving human-machine considerations and 
activities.  

The mapping principle within representation design is important as it 
stresses the necessary triad of domain, interface, and user. The studies 
presented here (Paper I, II, and III), along with previous research, show that 
3D displays too have limitations, and that the use therefore is dependent on 
the environment, the task, and a user’s cognitive resources. The actual 
cockpit environment has not been directly analyzed here (which was argued 
to be a limitation) but since I (together with numerous co-workers) have 
worked within this area and also had numerous discussions with pilots and 
other professionals working with JAS 39 Gripen, it is believed that our 
common knowledge and understanding of the setting is adequate (i.e. 
sufficient for research purposes).  

Examples of important issues to consider in future research are the required 
resolution and uncertainty of the presented information. For example, when 
is it necessary for a pilot to understand the exact position, and when is it 
good enough to know the direction to an object within a few degrees? This 
question is important since it gives us an understanding of what information 



 91

that should be present in certain situations. Further, when is it important to 
know exactly how accurately the sensors measures the objects and how are 
the uncertainties presented for the user? One possibility is of course that the 
user understands the sensor and the algorithms and thereby has a good 
understanding of possible measurement errors. However, since most systems 
are very complex, it is reasonable to assume that a user cannot have a 
complete understanding of all potential measurement errors. The best option 
may therefore be to present uncertainties on the display, or perhaps make the 
information available to the user when it is needed. Display space tends to be 
limited and cluttering should be avoided.  

In this thesis, attempts have been made to give an overall description about 
visual perception and limitations. As was described in connection with 
representation design, the world and the cognitive agent (pilot) decides upon, 
and also sets constraints for, the interface. That the pilot is a cognitive agent 
and not ‘just’ an operator (who simply perceives) information, must always 
be kept in mind. He or she has access to specific information and knowledge 
about the own and other airplanes functionality and limitations from pilot 
education but probably most from real life experience. From a theoretical 
point this shows that not only the ecological view, but also indirect 
perception is an important part, since the pilot certainly unconsciously seeks 
information that is meaningful. He or she perceive, experience from prior 
knowledge and construct a picture of the tactical situation.  

Dynamics 
An overwhelming part of the early experiments on 3D displays, including 
our own (Alm, Andersson, & Öberg, 2003; Andersson & Alm, 2002, 2003), 
has been carried out using static rather than dynamic scenarios. In particular, 
static scenarios are not representative of aviation and other dynamic 
domains, since movement and temporal aspects are important in situation 
assessments (Bruce et al., 1996; Gibson, 1979). Since the relative motion 
gradient is one of the most important cues for spatial understanding, studies 
building on static scenarios should be interpreted cautiously and preferably 
replicated using dynamic scenarios. As predicted in the theoretical 
framework, dynamic scenarios clearly improve performance compared to 
static scenarios. This is not surprising since motion is an important cue. The 
3D display is more ecological since the perceiver does not have do integrate 
multiple views or information sources. Therefore, if a 3D display shall be 
used in the airplane, it should be a dynamic display that gives the pilot a 
good situational awareness. 



 92 

Symbols 
Identification of the displays 2D symbols and indexes used in JAS 39 Gripen 
(and other military systems) are affected by vibrations, size, form, and 
orientation of the symbols (as evaluated here). Complex figure heads are 
harder to identify and increasing number of indexes are harder to identify.  

From the Gestalt psychologist one recommendation or law is closure. The 
most problematic 2D symbol had an open semicircle which definitely is not 
recommended. The poor result of this symbol strengthen the Gestalt law of  
closure, but still the explanation can and are probably also affected by other 
factors, i.e. complexity and resemblance to some of the other symbols. For 
indexes one of the main problems is that horizontal index lines smear over 
each other. A possible solution could be to always present the indexes 
vertically irrespectively of symbol orientation. However I have not tested 
this in a practical situation, therefore further research should be done at this 
area. Also, horizontal presentation of the symbols caused more reading 
errors. A probable explanation is that identification performance of symbol 
heads were negatively affected by identification of indexes that was harder 
to identify when presented horizontally. Since these military symbols had no 
obvious meaning or direction for the naïve participants the participants 
probably did not try to mentally rotate (Cooper & Sheppard, 1973) the 
symbols. 

The hypothesis that 3D objects can be identified if they match the 
represented geon was partly investigated in Paper II. In the case investigated 
here the participants did not have to remember the symbols since the 
answering tool showed the five alternatives but rather match against five 
possible responses. In the case investigated here it was obvious that only the 
sphere symbol matched the geon in all situations. The other four 3D symbols 
were more or less problematic in different orientations. 

Spatial cues and task dependency 
The prediction that additional cues improve performance was tested by 
adding motion and drop-lines. Since both of these cue types improved 
performance, the prediction seems correct. The hypothesis that 
enhancements like drop-lines improve performance was thus confirmed, but 
at the same time, this is something which is task dependent. In focused tasks, 
drop-lines seems to improve performance, while in integrated tasks, 
performance is only improved in certain directions where there are 
estimations that seems to be especially hard. The description in the literature 
on this matter is often simplified, without attention to task dependency 
(i.e.Ware, 2000). While it is not possible to draw any certain conclusions 
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from the number of experiments carried out here, it is still an interesting and 
important point to be made. In order to verify this more thoroughly, 
additional studies need to be performed; exhaustive treatment of previous 
research is probably needed as well. 

Practical example 
As was described under the heading of Limitations, the studies included in 
this thesis are performed in laboratory settings with students, why the results 
need to be validated in real settings with pilots. Other studies (that I 
conducted with colleagues) have tested if 3D displays can improve 
performance in field settings with military users. For example, in one 
qualitative field study (Lif, Kylesten, & Lindoff, 2006), two separate but 
similar force-on-force military operations in urban terrain (MOUT) field 
exercises were conducted. The purpose was to evaluate if a 3D display gave 
the commander better SA and if so, in which situation. In this exercise, a 
commander had a command and control system with both 2D and 3D 
displays in the staff room, while the group leaders had a personal digital 
assistant (PDA) attached to their arms with 2D presentations. The results 
show that 3D displays can help a commander to gain better SA, and that a 
2D display is better for metric estimations. Although not being an aviation 
situation, this still shows that 3D presentation can be a valuable tool in real 
military settings for soldiers. Even if it is not validated here, professional 
military pilots most likely get better SA and improve performance in some 
tasks using a 3D display.  

Concluding remarks 
Overall, this thesis shows that 3D displays can be used in many situations, 
but it also shows that it is important to seriously consider the 3D displays 
limitations. This thesis also show that vertical vibrations influence 
recognition performance negatively. Recognition of 3D symbols and 
judgment of relations between symbols on a 3D display are, especially in 
static scenarios, troublesome. The results clearly show that relations between 
objects in 3D space on a 3D perspective display are substantially better in 
dynamic than in static scenarios. In situations where perception of the 
direction still is problematic, enhancements like drop-lines can improve 
performance.  

From a practical point of view the goal has been to investigate the possibility 
to develop and use a 3D perspective display in an airplane like JAS 39 
Gripen. The results and conclusions drawn from Paper I, II, III, are not 
enough to fully support a construction of such a display, but together with 
other research results described in the thesis, the potential for such a project 
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is better. Still, it is certainly not an easy job, but I believe the possibility is 
there and I also believe that the time now is right. A work group consisting 
of expertise of researchers, pilots and engineers could now design and test a 
3D tactical display using information presented in this thesis Paper I, II, III, 
and other researchers results. The testing and evaluation of the 3D tactical 
display should of course be done with real pilots in a realistic simulator and 
later in a real aircraft. 
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