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Effects of cartographic elevation visualizations and map-reading tasks
on eye movements
Katja Putto · Pyry Kettunen · Jari Torniainen · Christina M. Krause · L. Tiina
Sarjakoski

Abstract Users prefer more realistic visualizations, even
though they may be less efficient or even detrimental for
a given task. In some previous studies, the evidence has
shown that relief shading facilitate the landform interpretation while other studies have provided contrary results.
In the present study, the effect of three different visualizations of elevation information on eye movements and performance was investigated in visual search, area selection, and
route planning tasks. The results showed that the visualization of relief information affected the performance and eye
movements in the visual search task. Overall, the eye movements differed between the search and area selection tasks,
as well as between the search and route planning tasks. The
result showed that the relief shading did not slow down the
performance, either in terms of response time or eye movement measures.
Keywords eye movements · fixation · saccade · map
visualization · relief shading · contour lines · oblique view ·
task effects · spatial frequency
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1 Introduction
While location-based services have become more and more
popular during the 21st century, interest in the display design of maps has mainly been directed toward city maps,
college campus maps, or other visualizations of a structured urban environment. Maps that include a comprehensive representation of a terrain together with a landform relief (such as topographic maps) have been studied much less,
although their importance remains high in many common
tasks, necessitating a high-level understanding of the terrain.
At the same time, modern digital terrain models enable different kinds of visualizations, from static two-dimensional
maps to dynamic and interactive three-dimensional models
of environments with realistic visualizations of landforms
(Kettunen, Irvankoski, Krause, Sarjakoski and Sarjakoski,
2013). Users, even experts, prefer more realistic visualizations, even though they may be less efficient for a given
task (Hegarty, Smallman, Stull, and Canham, 2009). In the
present study, the effect of three different visualizations
of elevation information on eye movements and task performance was investigated with three different map-related
tasks. The map stimuli were real topographic maps, depicting actual environments in nature and applied contours, relief shading or oblique parallel projection with triangular
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grid as elevation visualizations. The aims of this explorative
study were to investigate how different map tasks together
with different visualizations of elevation information on topographic maps affect performance and eye movements.
The performance and eye movements were compared between the different visualizations (between groups) for each
task and, in addition, across the different tasks. Contours and
relief shading on topographic maps were actively studied
with eye tracking in 1970s and 1980s, but the advances in
both terrain depiction and eyetracking techniques motivated
us to re-investigate the subject together with an experimental
oblique view visualization.

2 Previous related research
2.1 Map reading: goals, tasks, and strategies
In this study, we focus on the use of maps as a wayfinding support within the context of hiking. Hikers usually outline hiking by selecting the areas and routes they want to
explore and making a rough travel and route plan (Nivala,
Sarjakoski, Laakso, Itäranta, and Kettunen, 2009). For most
everyday tasks, wayfinding is part of some other activity or
used as a means to achieve a certain goal (Hirtle, Timpf,
and Tenbrink, 2011). Factors affecting the travel plan include estimated travel time and distance, ease of wayfinding,
safety, and the attractiveness of the scenery (Board, 1978;
Gärling, 1999). The route is selected based on the importance of each of these factors when deciding the travel plan
(Gärling, 1999).
When navigating with a map, a user must identify and
relate the objects on the map to the corresponding objects in
the environment (Taylor, 2005). This requires transforming
information from one frame of reference to another: from
an egocentric sensorimotor representation to an allocentric
map representation, and the other way around. The navigator takes images and makes predictions about what the
upcoming locations and places will look like (Gell, 1985).
Landmarks work as reference points in these transformations. Landmarks can be anything from built structures to
natural formations in the terrain or thickets or other large
expanses of vegetation, as long as these entities and formations are easy to recognize (Caduff and Timpf, 2008) and
aid in determining the locations or relationships between objects (Sorrows and Hirtle, 1999; Wickens, Vincow, and Yeh,
2005). Studies about generated verbal wayfinding directions
or about recalling by memory the features of a landscape
when looking at a map show that the purpose of the primary
activity defines which landmarks are attended to (Hirtle et
al., 2011; Montello, Sullivan, and Pick Jr., 1994). In summary, the goals and interest of the map users affect the areas and objects that they consider interesting, the area that
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they choose to visit, and how they will access that particular area. Map reading includes all the processes of collecting
and interpreting information from the map, such as detecting, decoding, and identifying objects and entities on a map
(Board and Taylor, 1977). The various map-reading tasks
may be grouped differently. For example, Morrison (1978)
divides mapreading tasks into four groups: pre-map-reading
tasks include all the procedures necessary to obtain and orient the map; the second group of tasks consists of processes
like detection, discrimination, and recognition and involves
searching for, locating, identifying, and verifying the symbols on the map; the third group concerns direct and indirect
estimations, measurements, and comparison tasks; finally,
the fourth group considers users’ attitudes about the map,
such as pleasantness and preference. In the present study,
the experimental tasks included a lower-level visual search
task, relatively free hiking area selection task, and a routeplanning task.

2.2 Visualizations of elevation and map-reading
performance
Perception of relief is a central subtask for many mapreading activities, and the effects of different techniques
of elevation visualization on map-reading tasks have been
widely studied. Being the most frequently used technique,
contour lines have attracted the most attention. However,
users often consider contour lines in maps to be complex
because a user has to extract the elevation information (the
third dimension) from these lines and then interpret that relief information as hills, valleys, and flat terrain in the real
environment (Board and Taylor, 1977; Lobben, 2004; Taylor, 2005).
Contour interpretation is known to be challenging at all
levels of education and even for trained mapreaders: Griffin and Lock (1979) studied the interpretation of contour
patterns with subjects in primary school and the university
and observed an error rate of at least 10% in their questionnaire. The error rates decreased as the level of education increased. Chang, Antes and Lenzen (1985) observed a
similar increase in the performance of contour interpretation
along, with experience, among university students. Based
on eye-movement measures, they concluded that experience develops identification and interpretation of common
contour patterns through chunking (Miller, 1956). Phillips,
Lucia and Skelton (1975) compared the interpretation of
four techniques of elevation visualization with that of police cadets trained for map-reading and found that contours
enabled only a mediocre level of interpretation. In a subsequent study (Phillips, 1979), so-called ”wedding cake maps”
were tested as a refinement of contour maps, but they did not
significantly improve the interpretation of elevations.
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The interpretation of contours can be facilitated using
layer tints or relief shading; and relief shading has been
shown to positively affect the performance in interpretation
(Phillips et al., 1975; Potash, 1978). On the contrary, relief
shading has not similarly facilitated contour interpretation
(Phillips et al., 1975; Potash, 1978). In the case of Potash et
al.’s (1978) skilled map readers (army officers), relief shading even weakened performance. However, Phillips et al.
(1975) observed indications of easier landscape visualization with relief shading than with contours. Phillips’s results
motivate the present study to investigate relief shading with
general landscape visualization tasks, such as elevationdependent route planning and area selection.
Wilkening and Fabrikant (2011) studied how threedimensional realism and time pressure affect people’s level
of accuracy and confidence in a task in which the participants had to identify locations flat enough on a map for
a helicopter to land. The participants performed the tasks
under restricted time conditions using four kinds of depictions of relief and slopes: contour lines only, contour lines
with light hill shading, contour lines with dark hill shading, and contour lines with coloured slope steepness classes.
Their performance was most accurate with the slope map,
followed by the contour map and then the hill-shaded relief
maps. The difference between light-shaded and dark-shaded
relief maps was large: with the dark-shaded maps, the participants overestimated the steepness of the slope and missed
the appropriate landing locations, whereas with the lightshaded maps, they more easily selected appropriate landing
locations. However, the differences in performance and confidence of the responses between the map types depended
on the time limit. Interestingly, with the moderate timelimit
condition, the participants were more confident in their responses with the relief maps than with the contour maps,
even though they performed more accurately with the contour maps.
2.3 Eye movements and allocation of attention
Eye movements can provide knowledge about the focus of
people’s attention when looking at maps because people
usually move their eyes (and heads) when perceiving a scene
(Zelinsky, 2008; Henderson, Brockmole, Castelhano, and
Mack, 2007). Attention is a process of selecting relevant features and suppressing irrelevant ones when guiding different
perceptual and cognitive processes (Geisler and Cormack,
2011; Wickens and McCarley, 2008). Primary eye-tracking
measures for attention are related to fixations and saccades.
Fixation is a state where visual information is acquired when
eyes are relatively still (Henderson and Hollingworth, 1999;
Rayner, 2009). Saccade is a movement of the eyes between
two fixations, where the eyes rapidly accelerate from a fixation state to peak velocity and then decelerate back to a
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fixation state (Gilchrist, 2011). Attention is controlled by
top-down and bottom-up processes. Top-down processes are
related for example to the goals, the nature of the tasks,
and memory of previous experiences with similar viewing
episodes (Henderson et al., 2007). A typical duration of fixations in visual search tasks is 180-275 ms on average and
saccades typically last 40-50 ms with an amplitude of approximately 3 degrees, depending on the difficulty of the
search array (Rayner, 2009). Compared to visual search, the
fixation durations and saccade lengths are longer in scene
perception: fixation duration 260-330 ms and saccade length
4-5 degrees of visual angle (Rayner, 2009).
Brunyé and Taylor (2009) examined how goals affect
attention allocation and memory representation of two college campus maps. Three groups with different goals studied the maps for five minutes while their eye movements
were recorded. The participants in a group were instructed
to learn either the overall layout of the environment, the
routes in the environment, or everything about the environment without a specified goal. Memory was tested by sketch
map drawing and statement verification tasks. The fixation
durations differed between the groups during the first minute
of map studying. The group that learned the map from route
perspective had longer average fixation duration on streets
and street names than the other two groups. Also, responded
to statements regarding the overall layout relatively more accurately than statements concerning route knowledge. Similarly, the group that studied the overall layout had longer fixation durations on buildings compared to the route and nogoal groups. As expected, the route group answered route
questions relatively more accurately than statements about
overall layout of the environment. Thus, the goal affected
both the early attention on as well as memory representation
of the maps.
Also, attention is guided through low-level scene and
stimulus properties through bottom-up processes (Geisler
and Cormack, 2011; Henderson et al., 2007). Neurons at
the early stages of the visual system, starting already from
the retina, are tuned to specific visual features such as intensity, contrast, colour, orientation, and motion at several
spatial scales (Itti and Koch, 2001). Visual saliency is derived from these features, and more specifically the feature
contrast against the surrounding context, rather than the absolute feature strength (Itti and Koch, 2001). Furthermore,
the contrast sensitivity varies according to spatial frequency
spectrum of the visual stimulus. The human visual system
is most sensitive to contrast at four cycles per degrees of visual angle, with a decrease in sensitivity at lower frequencies
and even more at higher frequencies (Campbell and Robson, 1968). When studying the properties of fixated locations compared to non-fixated locations in natural scenes, it
has been showed that contrast and edge information is more
important than luminance or chromaticity (that is, colour)
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and the fixated locations differed from the non-fixated ones
more in the higher spatial frequencies (Tatler, Baddeley and
Vincent, 2006; Tatler, Baddeley and Gilchrist, 2005).
Dobson (1977) studied the difference in eye movements
between two visualizations of a thematic map of the United
States, with and without state borders, but found no differences in fixations counts or average fixation durations.
Antes, Chang, and Mullis (1985) investigated the effect
of balanced and unbalanced, simple and complex thematic
maps on gaze duration on different map elements and map
memory. The balance manipulation had an effect with the
complex but not with the simple maps. The fixation durations were longer for unbalanced complex maps compared
to unbalanced simple maps. The performance in memory
test was better for balanced maps and the performance correlated with the fixation durations. Long fixation durations
correlated with good memory regarding map body information, but with poor memory for subtitle, legend, and scale
Hegarty, Smallman and Stull (2012) investigated the effect of extraneous variables (variables that were irrelevant
for the task) on performance and eye movements when comparing the weather variables on weather maps. The results
showed that the participants’ performance was less efficient
with the maps that contained additional variables. Longer response times, wider distributions of fixations, a higher number of re-fixations, and longer fixation durations suggest that
with a complex map, the participants had to sample the maps
from a wider area to perform the task and the acquired information was harder to retain compared with the simpler
maps. The participants selected the simplest map sufficient
for the given task approximately two out of three times.
However, they preferred the geographically more complex
maps in about one-third of the cases, even though such maps
were less efficient than simpler maps for the given task.
In summary, low-level physical features of the stimuli as
well as goals and tasks affect eye movements, stimulus features playing more significant role at the beginning of the
viewing (Theeuwes, 2010). However, it is not clear whether
the bottom-up or the top-down control affects the allocation of attention more and in which kind of conditions the
control shifts from bottom-up processes to top-down control (Parkhurst and Niebur, 2004). Moreover, the research
evidence suggests that the higher the level of the task, the
smaller the effect of the physical visual saliency on attention
guidance (Henderson et al., 2007; Underwood, Foulsham,
van Loon, Humphreys and Bloyce, 2006). In the present
study the aims were to investigate how three different types
map visualizations affect performance and eye movements
in three different tasks.
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3 Method
3.1 Participants
Twenty-six students (five males) from the University of
Helsinki participated in the experiment. The participants had
normal or corrected-to-normal visual acuity, and their age
ranged from 18 to 37, with the majority (73.1%) of the participants being between 20 and 25 years old. The participants gave their written informed consent for the study and
were rewarded with a movie ticket for their participation.
None of the participants had studied geography or was otherwise experienced in geographic information science or related fields. The experiment groups did not differ in terms of
gender, age, or their knowledge of the purpose of the contour
lines.

3.2 Materials
The stimuli were real map images from the Nuuksio National Park area, produced at the Finnish Geodetic Institute for the MenoMaps project (Oksanen, Schwarzbach, Sarjakoski, and Sarjakoski, 2011). Each map image was used as
a stimuli only once during the experiment. The dimensions
of the stimuli maps were 1,015 x 764 pixels (visual angle
approximately 25. 8 degrees horizontally and 19.5 degrees
vertically at a viewing distance of 60-62 cm), and they were
presented at the centre of the display on a light grey background. The visualizations contained no textual information
such as map labels or names, and no legend key or other information about the meaning of the symbols was provided.
The experimental stimuli consisted of three different
kinds of visualizations (see Figure 1):
1. Contour line visualizations represented landforms using
only contour lines (interval – 5 m). Metric elevations
above sea level were indicated on index contours (interval – 10 m);
2. Relief shading visualizations contained both contour
lines and relief shading for indicating variations in the
elevation (Oksanen et al., 2011); and
3. Oblique view visualizations consisted of a ray-tracing
rendered DEM in the oblique parallel projection, relief shading, and a draped triangular grid with 33-meter
long segments. This visualization type was originally developed for assessing the characteristics of the oblique
parallel projection with natural terrain (Kettunen, Sarjakoski, Sarjakoski and Oksanen, 2009). The grid aimed
at preventing a relief inversion fallacy and providing a
means for estimating directions and distances in a view
that may otherwise be difficult to interpret geometrically.
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Figure 1 The three different visualizations used in the study: A) contour lines, B) relief shading, and C) oblique view.

3.3 Procedure
The participants were divided into three groups. Due to the
idiosyncratic variability in eye movement measures among
people, scholars recommend using a within-participant design for eye movement studies. However, in this study, a
between-subjects design was used so that the same geographical areas could be presented as stimuli for all three
visualization types. An experimental group performed all
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of the tasks with only one assigned visualization type. That
is, each experiment group performed the tasks with stimuli
maps that covered the same geographical area, but the visualization of the elevation differed between the groups.
Before the experiment, the participant read written information about the test and gave his or her written consent
to participate in the experiment. The task instructions were
given before each task, and shorter instructions were given
as reminders between the trials. The tracker was calibrated
with ninepoint calibration before each task. The experiment
consisted of three different tasks. The first task was a visual search task where the subject detected an abstract symbol, which was a grey pentagon on a map. The goal of the
second task was to choose a region on the map where the
participant would like to go hiking. These maps were plain
maps, similar to the maps used in two other tasks but without
any additional markings. The third task was a route-planning
task. The participants were instructed to plan a realistic route
from starting point A to destination B. In this context, the
notion of realistic meant that the participant could travel the
route in real life.
All of the tasks consisted of two parts. During the first
part, the participants looked at the map and performed the
task, and then pressed a keyboard button when they thought
that they had completed the task. In the area selection task,
participants lined up the area where they would like to go
for hiking, whereas in the route-planning task, they drew
the route from point A to point B. The response time was
measured during the first part of each task. Since there was
not a single correct answer for the area selection task and
the route-planning task, accuracy was measured only in the
search task. Eye movements were recorded during the first
part of the task. The coordinates of the response markings and the area or route drawings of the participant were
recorded. Furthermore, participants’ verbal explanations of
their choices were recorded for the area selection and routeplanning tasks. After completing the experimental tasks, the
participants filled in a questionnaire that contained multiple choice questions concerning their knowledge of the use
of contour lines, experiences with using different types of
maps, hiking, and orienteering.
The eye movements were measured using an SMI iView
RED remote system eye tracker with a 250 Hz sampling
rate. According to the iView RED 250 system manual, the
tracking resolution is under 0.01 degrees, and the gaze position accuracy is under 0.5 degrees. The stimuli were presented on a 22-inch (resolution 1680x1050) wide screen
with an LCD display. The stimuli maps were presented,
and drawing was carried out using the Presentation R experiment control program. A headrest, which consisted of a
forehead rest and a chin rest, was used to stabilize the participants’ heads during task trials and to keep the viewing
distance to the monitor approximately within 60-62 cm. The
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participants used a standard keyboard and computer mouse
to respond.

3.4 Analyses
The time between the display onset and a participant’s response during the first part of a task was recorded as the response time. The SMI’s event detector was applied to define
the raw data as fixations and saccades. The event detector
uses a velocity-based algorithm to detect saccades, fixations,
and blinks. (See a description of the algorithm in Holmqvist
et al., 2011, p. 173.) After exploring the eye tracking data
using different peak velocities, the threshold was set at 40
degrees per second. The analysed eye movement measures
were as follows: the number of fixations, the fixation durations as milliseconds, and the saccade amplitudes as degrees
of vision.
When comparing the different groups, the data of
each participant were averaged over trials in a task. The
group differences were tested using the Kruskal-Wallis nonparametric version of the one-way ANOVA. If the results
of the Kruskal-Wallis test were statistically significant (p <
.05), the group differences were further tested using pairwised Wilcoxon’s rank sum tests with p-values corrected
with Bonferroni adjustments for multiple comparisons. The
differences in eye movement measures between the tasks
(and among the subjects) were tested with the Friedman rank
test for correlated samples. If the results of the Friedman
rank test were significant (p < 0.05), the differences between the tasks were analysed using Wilcoxon’s matchedpairs signed-ranked tests, and the significances were adjusted using Bonferroni corrections. The Spearman correlation was calculated to examine the relationships between
the response time and number of fixations and between the
fixation durations and saccade amplitudes.
The differences in spatial frequencies and apparent
contrasts (apparent contrast is the root-mean-square contrast divided by the mean grey value of the image; see
Bex and Makous, 2002) were analysed using method and
Matlab scripts and a modified ImageJ script provided
by Delplanque, N’diaye, Scherer and Grandjean (2007).
(The software and instructions are available at http:
//www.affectivesciences.org/spatfreq.) First, the
RGB layers of each map were separated and the map images were transformed to grey-scale images. This resulted
in four versions of the original image. In order to calculate
the mean energy level within a particular spatial frequency
band, all the maps were decomposed into eight frequency
bands with a two-dimensional discrete wavelet transform using Haarwavelet (see Porwik and Lisowska, 2004). For the
apparent contrasts calculation within each frequency band,
the maps were filtered with a Fast Fourier Transform, and
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the standard deviation of grey values in the images were divided by the mean grey values (see details in Delpanque,
N’diaye, Scherer and Grandjean, 2007).
Next, the differences in mean energy and apparent contrast within the eight frequency bands were compared between the contour lines, relief shading, and oblique view
visualizations with the Kruskal-Wallis test and Wilcoxon’s
rank sum test, as described above.
4 Results
4.1 Differences in eye movements and performance
between visualizations
Table 1 shows all of the medians and median absolute deviations of response times, fixation counts, fixation durations, and saccade amplitudes. The response times were
about the same for the search task when using contour
line and relief shading visualizations. However, the search
task with the oblique visualization was, on average, more
than five seconds slower than the two other visualizations
(Kruskal-Wallis test: X2(2) = 8.05, p = .018). The pair-wised
Wilcoxon rank sum tests showed significant differences between the contour lines and oblique view (W = 13, p = .043)
and between the relief shading and oblique view visualizations (W = 11, p = .046). Therefore, it seems that the search
task was more difficult with the oblique view visualization.
The number of fixations was also greater with the
oblique view, and it correlated highly with the response time
(ρ = 0.956), even though the difference in the number of
fixations was significant only between the contour lines and
the oblique view visualizations (W = 12, p = .032). Therefore, the longer the participant performed the task, the higher
the number of fixations. The fixation durations in the search
task were longest with the contour lines and shortest with
the relief shading visualization (see Figure 2), and the difference between these visualizations was significant (W =
63, p = .011). The saccade amplitudes were smaller with the
relief shading visualization compared with the contour line
or oblique view visualizations, but the differences were not
significant. The fixation durations and saccade amplitudes
correlated with one another (ρ = 0.436).
In the selection task, participants spent more time performing the task with the oblique view visualization. Similar to the search task, the number of fixations was also larger
with the oblique view visualization compared with the two
other visualizations, and these measures were highly correlated (ρ = 0.942). However, the differences in the response
time or in the number of fixations were not significant. The
fixation durations were again shorter for the relief shading
visualization than for the contour line and oblique view visualization. The saccade amplitudes were largest with the
contour line visualization and about the same size with the
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Table 1 The medians of the response times, fixation counts, fixation durations, and saccade amplitudes. The median absolute deviations are
presented in the parentheses.

Figure 2 On the left: the medians of the fixation durations in different tasks grouped according to the type of visualization. On the right: the
medians of the saccade amplitudes in different tasks grouped according to the type of visualization.

relief shading and the oblique view visualizations. The fixation durations correlated slightly with the saccade amplitudes (ρ = 0.223). None of the differences were significant
between the visualizations.
In the route-planning task, the response time was slightly
shorter with the relief shading visualization than with the
contour line and oblique view visualizations. The fixation
durations were again shorter with the relief shading visualization than with the contour line and oblique view visualizations. The saccade amplitudes were larger with the
contour line visualization than with the relief shading and
oblique view visualizations, but Kruskal-Wallis test showed
only nearly significant differences between the visualizations (X2(2) = 5.79, p = .055).
In summary, the fixation durations differed between visualizations only during the search task. The fixation durations were significantly longer with the contour line vi-

sualization than with the relief shading visualization in the
search task. The saccade amplitudes were larger in the contour line visualization than in the relief shading and oblique
visualization., but the differences were not significant.

4.2 Differences in eye movements and performance
between tasks
Next, we examined how the task affected eye movements,
regardless of visualization type. Since the response times
and the number of fixations were naturally different between
the tasks, we focused on comparing the average fixation duration and saccade amplitude for each participant between
all three tasks (see Figure 3.)
We averaged the fixation duration values of the participants for the different tasks (within-subject design), and then
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Figure 3 On the left: the medians of the fixation durations in different tasks. On the right: medians of the saccade amplitude in different tasks.
The error bars represent a 95% confidence interval for bootstrapped medians.

compared the tasks using Wilcoxon signed-rank tests. The
average fixation durations differed significantly between the
search and area selection tasks (W=288, p = .0032) and between the search and route-planning tasks (W= 313, p =
.0002). The fixation durations were longest in the search
task and shortest in the route-planning task. The saccade
amplitudes were larger in the area selection task than in
the other two tasks and about the same in the search and
route-planning tasks. The differences in the saccade amplitudes were significant between the area selection and the
routeplanning tasks (W=272, p = .013). The differences may
result from different task requirements but it should be bared
in mind that the geographical areas represented in the maps
were different in each task. Therefore, the information content in the maps could vary between the tasks, which may
affect the differences.

4.3 The spatial frequencies and apparent contrasts in the
map images
The differences in the map visualizations are clear to the
eye; and in order to examine the differences more thoroughly, we calculated the differences in the mean energy
and apparent contrast in eight spatial frequency bands. Figure 4 represents the z-scored mean energy level medians in
the eight spatial scales by the experimental task and visualizations in the blue layer and a grey scale version of the images. As can be seen, the mean energy in the oblique view
visualization is relatively similar in all the frequency bands.
This is likely the result of both the triangle grid (high spatial
frequencies) as well as the grey shading of the landforms
(low spatial frequencies). The only difference between the
contour lines and relief shading visualizations is the shading. This shows in the mean energy levels, so that in the

high frequency bands, the energy levels of the contour lines
visualization are larger than those of the relief shading visualizations, whereas the energy levels in the low frequency
bands are larger in the relief shading visualization compared
to the contour lines visualization. This can be seen in the
grey scale images as well as in all of the RGB layers, since
grey in chromatic images is produced by equal levels in the
red, green, and blue channels. The distributions of the mean
energy appeared to be similar in the green and red layers,
and grey scale version of the maps across the visualizations
and tasks except for the blue channel. Therefore, we examined the blue layer and grey scale version of the image further.
Interestingly, in the spatial scales of and above 2.5 cpd of
the blue channel in the search task, the contour lines visualization had the most energy. This resulted probably from the
lack of grey shading, which affects the blue colour of the
rivers, creeks, ponds, well as light-blue swamp areas. The
mean energy levels did not differ between the visualizations
in the spatial frequency of 1.25 cpd (cycles per degree of
visual angle). In all the other spatial frequencies, the contour lines visualizations differed from the relief shading and
oblique view visualizations (p < .05), having lower mean
energy. In the grey scale version of the image, the energy
levels differed between all the visualizations (p < .05) except between the contour lines and the relief shading in the
frequency bands of 1.25 and 2.5 cpd. The oblique view had
the largest mean energy in all the spatial frequencies, followed by the contour lines visualization in the higher frequencies of and above 5 cpd. However, in the lower frequencies the relief shading had more energy than the contour
lines visualization in the scales of and below 0.625 cpd.
In the blue layer of area selection task, the mean energy
between the visualizations did not differ in the frequencies
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of 0.625-2.5 cpd and 0.08 cpd. In the highest frequencies
(above 5 cpd), the mean energy differed only between the
contour lines and the oblique view (p < .05). In the frequency band 0.31 cpd, the mean energy differed between
the contour lines and the relief shading and between the contour lines and the oblique view. In the frequency band 0.16
cpd, the mean energy differed between the contour lines and
relief shading. In the grey scale images, the mean energy
differed between the contour lines and the oblique view and
between the relief shading and the oblique view in the frequency bands down to 0.625 cpd. That is, the mean energy
did not differ between the contour lines and relief shading
in the highest frequency bands. However, in the lower frequencies, the situation changes. In the frequency bands of
and below 0.31 cpd, the mean energy differs between the
contour lines and the relief shading and between the contour
lines and the oblique view, but not between the relief shading and the oblique view. This finding is likely caused by the
grey shading, both in the relief shading and the oblique view
visualizations.
In the route-planning task, the mean energy did not differ
between any of the visualizations in the blue channel in the
high frequency bands (>=0.625 cpd). In the lower frequencies of 0.16-0.31 cpd, the mean energy differed between the
contour lines and the relief shading and between the contour lines and the oblique view. However, in the lowest spatial scale of 0.08 cpd, the mean energy differed between
the contour lines and the relief shading. In the grey images,
the mean energy differed between contour lines and oblique
view and between relief shading and oblique view but not
between contour lines and relief shading in the frequency
bands down to 1.25 cpd. In the frequency band of 0.625 cpd
the energy levels differed only between contour lines and
oblique view. As in the area selection task, the mean energy
in the lower frequency bands of and below 0.31 cpd differed
between contour lines and relief shading and between contour lines and oblique view, but not between relief shading
and oblique view.
In conclusion, it seems that in the grey scale version of
the images, the mean energy of low frequencies differed between all the visualizations in the search task, but in the area
selection and route-planning tasks the energy levels were
about the same in the relief shading and the oblique view
visualizations.
The frequency content did not differ between the contour
lines and relief shading visualizations in the higher spatial
frequencies. It is plausible that in some way the landforms
and therefore the content of the maps differed between the
search task and the other two tasks.
Overall, the medians of apparent contrast were highest in
oblique view visualizations, then relief shading and lowest
in contour lines visualization both in the blue layer and grey
scale versions of the maps. Figure 5 represents the appar-
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ent contrast values of the map images in different frequency
bands by task and visualization in the blue layer and grey
scale images. First, we review the differences in the blue
layer. The contour lines visualization differed from oblique
view visualization in all the tasks and all the scales (p <
.05) except for the scale of 1.25 cpd where there were no
differences between the visualizations. The oblique view visualization had significantly higher contrast compared to the
contour lines visualization. The contour lines visualization
differed from the relief shading visualization in the search
task in all the scales (p < .05) except for frequencies above
5 and of 0.31 cpd, in which there were no differences in any
of the tasks. In the area selection and route-planning task,
the apparent contrast differed between contour lines and relief shading in the scales of 0.625, and 0.16 cpd (p < .05).
In addition, the visualizations differed between the contour
lines and relief shading visualizations in the frequencies of
5 and 2.5 cpd in the route-planning task. The relief shading
and oblique view visualizations differed in all the tasks in
the scale of above 5 cpd. There were no differences in any
of the tasks in the scales of 5 and 1.25 cpd. The visualization differed in the area selection task also in the scale of 2.5.
In the scales of and below 0.625 cpd the relief shading and
oblique view visualization differed only in the search task.
The results for the grey scale version of the images were
similar to those of blue layer images between the contour
lines and oblique view visualizations. The oblique view visualization had higher apparent contrast than the contour
lines visualization in all the tasks and scales except for the
scale of 1.25 in the area selection task. The relief shading
images had higher apparent contrast compared to the contour lines visualization in all the tasks in the scales of 5,
2.5, 0.625, and 0.08 (p < .05). In the frequencies above 5
and 0.31 there were no differences and in the scales above 5
and of 0.31 the apparent contrast differed only in the search
task between the contour lines and relief shading visualizations. Except for the scale of 5 and 1.25 cpd in the search
task, there were differences in all the tasks between the relief shading and the oblique view. In the frequency of 5 cpd,
the oblique view had higher contrast only in the search task
and in the scale of 1.25 there were no differences.
In summary, the contour lines visualization had lower
apparent contrast than the oblique view visualization in
nearly all the tasks and spatial frequencies, both in the blue
layer and grey scale version of the images. The contour lines
visualization had lower apparent contrasts compared to the
relief shading in the search task in the blue layer as well as in
the grey scale images. Similarly, the relief shading had lower
contrasts than the oblique visualization in nearly every task
both in the blue layer and grey scale image. In addition, the
relief shading had lower contrasts in the area selection and
route planning tasks as well in the grey scale images. Thus,
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Figure 4 The z-scores of medians of the mean energy levels in the eight spatial frequency bands (cycles per degree of visual angle) by the tasks
(S = search, A= area selection, and R = route planning) and visualization in the blue layer and grey scale version of the maps.

Figure 5 The apparent contrast medians in the eight frequency bands (cycles per degree of visual angle) by the tasks (S = search, A= area
selection, and R = route planning) in the blue layer and grey scale version of the map images. The error bars represent 95% confidence intervals
for bootstrapped medians.

compared to other tasks, the apparent contrast of the maps in
the visual search task differed between all the visualizations.
5 Discussion and conclusions
The purpose of this study was to investigate how three types
of elevation visualizations and map tasks affect performance
and eye movements. The response time differed between the
visualizations only in the search task, with the oblique view
visualization being the slowest. The wavelet decomposition
of the images revealed that the mean energy in lower spatial scales was higher in the relief shading and the oblique
view visualizations compared to the contour lines. Moreover, unlike in the area selection and route-planning tasks
in the search task, the mean energy of the oblique visualization was higher than the energy of the relief shading visualization. This indicates that in the search task, the oblique

view visualizations contained higher intensities of grey and
were darker than the relief shading visualization. Therefore,
the grey pentagon symbol may have been harder to discriminate from the map background with the oblique view visualizations. In addition to the lower spatial frequencies,
the oblique visualization had more energy in the high frequency bands, likely caused by the triangle grid.This clutter on the oblique view map may have impeded and slowed
down the performance, especially if it resembled the features of the search target such as similar orientation and
spatial frequency content (Tavassoli, Linde, Bovik, and Cormack, 2009).
The results of the present study are partly in line with the
results from a study by Hegarty et al. (2012). In our study,
the relief shading visualization was also darker and provided
more information than the contour line visualization, but the
response times were similar, in contrast to the results from
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the study by Hegarty et al., where additional task-irrelevant
information slowed the performance. In the study of Wilkening and Fabrikant (2011) identification of a proper landing
site for a helicopter was more accurate with contour maps
than with hill shading visualization. The present study did
not include similar task that entail precise slope or elevation
estimations. The number of fixations differed between the
different visualizations in the search task. The number of fixations correlated highly with the response time, which was
expected. Therefore, the factors affecting the response time
would also affect the number of fixations. Both of these measures are regarded as global measures of search efficiency
(Shen, Elahipanah and Reingold, 2007). Hence, the oblique
view visualization was less efficient than the relief shading
or contour lines visualizations.
The average fixation duration differed between the different visualizations only in the search task. Surprisingly,
the average fixation durations were longest with the contour line visualization. Many studies on visual searches suggest that longer mean fixation times are found in more difficult tasks, even though the duration is widely distributed
from short to relatively long fixations (Hooge, Vlaskamp
and Over, 2007). However, the response times with the contour line visualization were similar to the response times
with the relief shading visualization and clearly shorter than
with the oblique view visualization. The participants in the
contour line group probably did not feel that the task was
more difficult than those in the other groups. The other possible explanation for the differences in the fixation durations
has to do with the visual properties of the maps. Previous
research has shown that low-level stimulus properties affect
eye movements (Itti, 2000). For instance, the contrast and
luminance of the displays may affect eye movements and
overt attention (Rajashekar, Van der linde, Bovik, and Cormack, 2006).
The spatial frequencies of an image affect the fixation
durations and saccade amplitudes so that low frequencies
elicit larger saccades associated with shorter fixation durations and high frequencies elicit smaller saccades associated with longer fixation durations (Groner, Groner, and
Mühlenen, 2008). The medians for the saccade amplitudes
seemed to be distributed similarly among different visualizations in the current study, except for the oblique view visualization in the search task (see Figure 2). The contour
lines visualizations had significantly less energy in the low
frequency bands compared to the two other visualizations,
which probably resulted from the lack of low frequency content, i.e., the grey shading. However, in the current study the
saccade amplitudes were not significantly smaller with the
contour line visualization compared to the other visualizations, although the fixation durations were longer. The results from a study by Mills, Hollingworth, Van der Stigchel,
Hoffman and Dodd (2011) suggest that fixation durations
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and saccade amplitudes may have an independent control
mechanism and depend on the task.
Increase in contrast in simple visual search arrays consisting of letters decrease search time and fixation durations
while increasing saccade amplitudes (Näsänen, Ojanpää and
Kojo, 2001). In the present study the oblique visualizations
had higher contrast than the contour lines and relief shading visualizations in all the spatial scales, largest difference
in the highest frequencies above 5 cpd. However, the fixation durations were shortest in relief shading visualization
in all the experimental tasks but the saccade amplitudes were
larger in the contour lines visualization compared to the relief shading and oblique view in all the other tasks except
for the search task. Hence, overall higher contrast does not
seem to affect consistently to fixation duration and saccade
amplitudes in the complex map images used in the current
study. According to previous research results image features in high frequencies are more significant in determining
the salient regions of the images (Tatler et al., 2006), edge
content being the most significant whereas contrast having
lesser role (Baddeley and Tatler, 2006). In this study the high
frequency contrast and mean energy in the oblique view visualization is caused by the triangle grid, which, as already
mentioned above, rather impeded visual search than provided useful information for the task if it attracted attention.
Although low-level scene properties affect attention and
eye movements, previous research suggests that the higher
the level of a task at hand, the weaker the impact of the physical stimulus properties on the eye movements (de Graef,
2007; Henderson, 2003). In addition to visual processing,
preferences, strategies, and decision-making have a large
role in area selection and route-planning tasks (Board, 1978;
Gärling, 1999; Lobben, 2004). This may have diminished
the role of physical properties between the different visualizations, and therefore the fixation durations did not differ between the different visualizations in these tasks. Because of the between-subject experimental design and the
relatively small samples of the current study, it is plausible
that the differences in eye movements between the different
visualizations may have originated from the idiosyncratic
individual differences in eye movements (Holmqvist et al.,
2011).
The average fixation durations in the present study were
shortest with relief shading visualization in all the tasks, although the differences were significant only in the visual
search task. In addition, the response times were shorter
than or similar to contour lines visualization. Therefore,
the added relief information did not slow down the performance in this study. The saccade amplitudes in the area selection task were larger than in the other two tasks, although
the difference was significant only between the area selection and route-planning tasks. According to the wavelet decomposition analysis, the spatial frequency content in lower
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bands seems to be approximately the same or higher in the
routeplanning task. This indicates that the difference is not
induced by the frequency content, but probably the participants scanned the map more thoroughly in the search and
route-planning tasks compared to the area selection task.
Depending on the task, the type of elevation visualization may affect eye movements in map-related tasks. In the
present study, the fixation durations were longer with contour lines visualization in the visual search task. These findings may have resulted from the differences in the task requirements. On the other hand, the low spatial frequency
content of the two visualizations with shading differed in
the search task but not in the other two tasks, which may
also explain the differences. Also, the apparent contrast differed between all the visualization particularly in the search
task. That is, because both the fixation durations and lowlevel image features differed between the visualization only
in the search task, the differences may have resulted from the
low-level image properties or the task requirements, in this
case, the differentiability of the search target from the map
base. In contrast to some previous studies, the relief shading did not slow down the performance compared to plain
contour maps. The experimental oblique view visualization
used in this study was the slowest, particularly in the search
task.

References
Antes, J. R., Chang, K. and Mullis, C. (1985). ’The visual
effect of map design: An eye-movement analysis’, Cartography and Geographic Information Science, 12, pp. 143–155.
Baddeley, R. J. and Tatler, B. W. (2006). ’High frequency edges (but not contrast) predict where we fixate: A
bayesian system identification analysis’, Vision Research,
46, pp. 2824–2833.
Bex, P. J. and Makous, W. (2002). ’Spatial frequency,
phase, and the contrast of natural images’, Journal of the
Optical Society of America A, 19, pp. 1096–1106.
Board, C. (1978). ’Map reading tasks appropriate in experimental studies in cartographic communication’, Cartographica: The International Journal for Geographic Information and Geovisualization, 15, pp. 1–12.
Board, C. and Taylor, R. M. (1977). ’Perception and
maps: Human factors in map design and interpretation’,
Transactions of the Institute of British Geographers, New
Series, 2, pp. 19–36.
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