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35 Toward Empirically Verified
Cartographic Displays
Clare Davies, Sara Irina Fabrikant, and Mary Hegarty

Introduction
Maps, like many other kinds of purposefully constructed graphic
displ~ys,are so familiar in everyday life that it is easy to overlook the complex
decisions made by the cartographers who design them. Although cartography
has a long history as both art and science, there has been very little empirical
work on the scientific evaluation of map designs. This chapter summarizes
current knowledge and research on perceptual and attentional aspects of
cartographic design, and empirical methods that can be used to evaluate the
design of both static maps and more flexible, and dynamic, computer-based
geographic visualizations. We focus on the use of "salience maps" to characterize the map stimuli, and the use of eye fixations to measure visual attention. We also summarize some alternative empirical methods.
All of these methods can be used to evaluate not only the more common
static map displays such as road maps and topographic maps, but also the
more realistic-looking geographic visualizations used in remote sensing
and photogrammetry (the extraction of measurements, physical topography, and other information from aerial photographs or satellite imagery).
Furthermore, the evaluation methods can also be used with more abstract
cartographic products, such as statistical maps and multivariate spatiotemporal displays, including map animations and three-dimensional-globe viewers. As such, our discussion pertains not only to conventional cartographic
designers but also to other visual design disciplines.

Like many areas of visual design, cartography - the making of
maps - was traditionally viewed as a skilled craft but after the Enlightenment
gradually became an academic discipline, the study and creation of "products of art clarified by science" (Eckert 1908/1977). One might imagine,
then, that scientific evaluation of map designs has been a critical part of the
cartographic process. However, this is not the case. One of the best known
cartographic writers of the twentieth century, Arthur Robinson (1952),
bemoaned the general lack of empirical evaluation by cartographers of the
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time, pointing out that mere self-testing by the cartographer was inadequate
since "the quality of parental pride is not always objective" (Robinson,
1952, p. 10).
There are many structured design decisions that a cartographer must make
when constructing a map. Principles of the cartographic design process can
be found in many of the widely used cartography textbooks (see, for exam,
ple, Dent, 1999; Kraak and Ormeling, 2010; Slocum et al., 2010). The design
process typically starts with a conceptual design phase in which the funda_
mental operation of thematic or object generalization is applied. The cartographer selects, classifies, and restructures the spatial data to be displayed
on the basis of the intended theme and purpose of the map, also considering
user requirements as well as usage and technical constraints.
The subsequent cartographic generalization and design phase typically
entails graphic symbolization, where the cartographic designer systematically assigns graphic marks to the restructured data, again always keeping
the map's theme, purpose, and target audience in mind. In addition, cartographic generalization often includes simplifying clutter, for example, by
reducing the number of bends shown in a very twisty road, replacing multiple buildings in a small-scale map with a uniformly colored polygon implying
an urban area, or using a specific symbol to indicate multiple closely located
instances of a phenomenon.
Some degree of subjectivity is always implicit in maps designed by human
cartographers. Although this is often unnoticed by map users, it is occasionally highlighted in popular books and exhibition catalogs (e.g., Monmanier,
1991; Barber and Harper, 2010). It occurs especially with respect to the selection (or omission) of features based, for example, on human legibility limitations, or simply technical and graphic reproduction constraints. It can also
include aesthetic and even political sensitivities, especially where these are
relevant to the map's purpose. Yet Eckert's phrase from a century ago suggests that scientific knowledge of human perception can also have a large
part to play in determining good design, within the specific goals and constraints of the cartographer and the intended audience.
Eckert's thoughts on the role of "logic" (i.e., consistent and scientifically
based design) in maps occurred several decades before maps started appearing on computer screens. In the digital age, we might expect more objective
methods to be applied to map design and expect these to be partly automated rather than manually applied (e.g., RegnauId, 2001; García Balboa
and Ariza López, 2008). Many of the basic design issues and user tasks
remain constant in the digital age, while others have been added. Most map
images still typically remain static at anyone moment of viewing, but they
can be altered or replaced instantly by the user through zooming, panning,
hiding, or showing "layers" of symbols that represent geographic phenomena or real world processes. Some map visualizations are dynamic, changing
either to reflect real-time movement (as in satellite navigation systems) or to
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thematically relevant data are the most perceptually salient in the image.
Thematic relevance, in turn, depends on the task and user. Although Bertin's
analytic framework is at a level of specificity to allow empirical testing, he
did not himself attempt any scientific tests of his hypotheses. However, more
recent empirical work has validated and clarified many of his ideas.
Applying Salience Models
Perhaps the most basic principle of cartography in general, and Bertin's
(1967/1983) scheme in particular, is the principle that visual variables (e.g.,
symbol size, color shades, line orientation) that represent different variables
in the data (for example, air temperature and wind direction in the case of a
weather map) should be applied in such a way that important thematic information is visually salient. In order to test this principle we need methods of
objectively evaluating the relative salience of locations (or meaningful graphical elements) in maps. Work in vision and attention in the past decade or so
has provided such methods. Notably, Itti, Koch, and their colleagues (e.g.,
Itti, Koch, and Niebur, 1998; Itti and Koch, 2001) computationally modeled
the role of bottom-up visual salience (or '''saliency'') in directing users' initial attention within a visual image. Their model considers three component
visual features of a display: color hue, color intensity (or color lightness/
value), and orientation. Although Itti et al. based their choice of variables
on the psychophysics literature, two of these visual features had also been
among Bertin's key visual variables, and the third - color intensity - is also
sometimes seen as simply another dimension of what Bertin labeled "color
value." Values for each of these features are computed independently, and a
"feature map" is calculated comparing both localand global center-surround
differences. The feature maps for the different features are then combined to
produce a single "salience map" for the whole image, essentially an objective
measure of the relative salience of different regions of the display.
The validity of salience models is typically established by their ability to
predict the locations of eye fixations on a display. The models assume that
viewers will at least initially fixate the most salient regions of a display, which
in this model are defined as regions that differ maximally from their neighboring regions on the analyzed visual features. Eye movement studies have
shown mixed results in validating salience models. The models work best in
predicting people's fixations within highly controlled images used in typical visual attention and psychophysics experiments, such as those studied
within the "pop-out" and conjunctive search work of Treisman and Gelade
(1980). However, they do not predict human eye fixations well when viewing
more naturalistic images (Henderson, 2003). Presumably this is because the
models measure bottom-up effects of visual salience on attention, whereas
perception of naturalistic images is also significantly affected by top-down
influences of the viewer's knowledge-based expectations and goals. This
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leads us to ask how far top-down influences apply to the perception of map
displays.
.
In our laboratories we have used salience models both to design maps and
to predict eye fixations on maps and aerial it~ages. ~abri~ant ~nd G~ldsberry
(2005) used the Itti and Koch (2001) model in conjunction with ~n mfor~al
t ask analysis to redesign weather maps to make task-relevant information
.
salient. A traditional weather map (showing pressure and temperature ISOfields, shown in Figure 35.1 (left panel) was downloaded from the World
Wide Web. Assuming a task of inferring wind directi~n fr?~ pressure ?y
nonexperts, Fabrikant and Goldsberry used cartograph~c principles .(Bertln,
1967/1983) to make the task-relevant pressure information more sahent and
the task-irrelevant temperature information less salient. This essentially
'nvolved muting the colors showing temperature and darkening and thicken~ngthe lines showing pressure. The salience model was applie~ to the resulting maps, and the redesign and test cycle was rep~ated .untIl the .pressure
systems were identified by the model as the most sahent dlsplay.reglons.
The lower panel in Figure 35.1 depicts a grayscale reproduction of a colored weather map designed using the Itti salience model specifically for the
task of inferring wind from pressure (Fabrikant, Hespanha, and Hegarty,
2010). The result of the salience model, presented in Figure 35.1c, depicts the
weather map in the background, overlaid by the predicted sequence (arrows)
of the first three eye fixations (circles). The salience map in the right panel of
Figure 35.lc also uses a spotlight metaphor: More visible and lighter locations in this map indicate more visually salient locations in the map shown
in the center panel of Figure 35.1b. The white spot in the right panel of
Figure 35.lc shows that the low pressure cell indicated by the letter "L" is the
most salient location in the map. This is probably due to the color contrast
of the letter L (which is dark blue in the original) with its surrounding area
(which is mainly pale pink), and the orientation contrast of the letter with the
narrowly spaced isobars (i.e., lines of equal air pressure) that surround it.
In empirical testing, college freshmen were shown either traditional maps
or redesigned maps. Their task was to judge whether an arrow in one region
of the map indicated the direction that the wind would be blowing in that
region, and thus required inferring wind direction from pressure. After training in meteorological principles that allowed them to infer wind from pressure, the students performed the wind inference task more quickly.Œabrikant
et al., 2010) and more accurately (Hegarty, Canham, and Fabrikant, 2010)
with the redesigned maps. However, this neat matching of salience with performance does not tell the whole story.
Limitations of Salience Models
The Itti salience model appears to predict eye fixations quite well for maps
that closely follow the generally accepted cartographic design principles,
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Figure 35.1. (cont.)

8

--'~----~'----~~·~~~~---~~~~,-,~_~~~·t~·
Figure 35.1. (a) Original weathe; map (;ee Plate 10), (b) redesi ned
w~~ther ma~ ~see P late 11), and ( c) predicted eye fixations based !n a
sa tence mo e (right). (Adaptedfrom Fabrikant et al., 2010.)

and thus optimize contrast between task-relevant and task-irrelevant items
(Fabrikant and Goldsberry, 2005; Fabrikant et al., 2010). It also works well
for predicting eye fixations on remotely sensed images created without any
task specifically in mind (Swienty, Kurz, and Reichenbacher, 2007). However,
when people are given a specific task to accomplish with a meaningful display, salience has more nuanced effects on eye fixations. For example, Hegarty
et al. (2010) found that highly salient regions of a display did not attract eye
fixations if they were not task relevant, and making task-relevant variables
salient sometimes had a large influence on task performance even when there
were only small effects on eye fixations.
The prediction of eye fixations from salience models is also more complex
for experts than for novices. In one series of experiments (Davies et al., 2006;
Lansdale, Underwood, and Davies, 2010) professional photogrammetrists,
who worked for a national mapping agency, viewed aerial imagery with a
view to spotting changes and/or supporting later recognition. Both tasks
were common in their usual work, although the experimental task context
was different. The Itti visual salience model predicted the initial gaze locations for both experts and novices. Within a few seconds after the image
appeared on the screen, however, experts' gaze direction was no longer especially drawn to visually salient areas - unlike the novices'. It is possible that
experts were instead choosing to view more cognitively salient areas, that is,
objects in the image that were most likely to change, according to the experts'
experience.
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Subsequent change detection tasks (i.e., identifying where any change
occurred) and memory tests showed a clear advantage for experts over novices. However, change detection and recognition performance were stronger
in both participant groups for cues located at the most salient areas of the
image, even though experts spent less or no time looking at those salient
areas. A greater number of salient features increased accurate performance
in both tasks. It thus appeared that experts could encode and recall even the
parts of the image upon which they had not explicitly fixated, with visual
salience contributing to their awareness of those areas. These results are consistent with some previous evidence concerning the likely effect of expertise
on map interpretation (Lowe, 2003).
This research also suggests that experts can be driven by task differences
to follow different scanning strategies and to utilize noncentral vision, so
that visual salience plays a role beyond simply predicting gaze fixations. As
predicted by Hoffman (1990), the concept of perceptual learning appears to
apply in areas such as remote sensing, as experienced viewers adapt their
attention and perception to specific tasks. The research also suggested that
foveal gaze direction is inadequate for predicting experts' superior cognitive
performance in visual display tasks (see also Davies, Cannon, and Gould,
2007). Furthermore, these results match similar expertise findings in such
varied domains as chess (Charness, Reingold, Pomplun, and Stampe, 2001)
and soccer (Ward and Williams, 2003).
Clearly, then, "top-down" influences on attention come into play more
in situations involving specific tasks and the potential for expertise development. Although alternative salience models (e.g., focusing on clutter, as
in Rosenholtz, Li, and Nakano, 2007) have sometimes shown more promise
in such situations (Fabrikant et aI., 2010), overall the work reminds us that
visual variables by themselves will always play only a limited role in directing a map user's attention (see also Brunyé and Taylor, 2008; Noudoost
et al., 2010).
Indeed, sometimes a specific goal may even render the visual variables far
less of a driving factor than other design considerations. One example is a
scenario in which people are presented with a visual scene (either from a simplified 3-D virtual world or from a real world outdoor scene or photograph),
and with a map on which they must indicate the location and orientation
from which they would see the scene. In this situation, most people seem
to rely more on salient characteristics of the scene than of the map - even
when this causes them to make errors because the map cannot reflect the
3-D geometry of the scene (e.g., Pick et aI., 1995; Gunzelmann et aI., 2004;
Davies and Peebles, 2010). Specifically, people select a highly salient landmark or other unique aspect of the scene, and then attempt to match that to
the 2-D map, rather than trying to abstract and match the broader 2-D geometry of their surroundings. The proposal by some (e.g., Hermer and SpeIke,
1994) that geometry may be more fundamental to people's orientation and
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spatial cognition than landmarks seems not to hold in these somewhat more
realistic scenarios, at least for most adults. Thus, in this very common map
use scenario, it may be more important and helpful to select and symbolize
landmarks on a map that can be easily matched to the most salient features'
of the real world environment.
It should not, of course, surprise us that the way we view a map will
depend very much on the task we are attempting to perform with it. In the
past this has been viewed as a problem for deducing any generic knowledge
from cartographic design research, after researchers had initially fallen into
the trap of assuming that a user would have only one type of goal in viewing a given map (see Petchenik, 1983; Montello, 2002). This need to prevent overprescription suggests that we need more cognitive and perceptual
research and systematic empirical evaluation within cartographic design. As
with the design of any artifact, designers and researchers first need to identify an appropriate range of intended tasks and user characteristics, and then
use these to direct their research studies or design evaluations.
In summary, the preceding body of research has shown that following
Bertin's analysis of visual variables and designing maps according to his
principles can and does make a difference. By redesigning maps according to
Bertin's principles we can to some extent "offload cognition onto perception"
(Scaife and Rogers, 1996) by making salient perceptual attributes draw our
eyes to the task-relevant stimuli, or at least speed up a top-down search.
This research has also established the importance of objectively measuring visual salience and evaluating visualization designs individually within
the relevant task context. Finally it suggests that designers may be able to
optimize the visual salience of key task-critical map features and areas by
calculating salience maps of the tested designs, based on the model of Itti
et al. (1998). At the time of writing, this model can be downloaded from
Laurent Itti's Web site at the University of Southern California (ilab.usc.
edu/bu). Increasingly sophisticated models are likely to evolve from this and
similar work.

Assessments of Performance with Different Cartographic
Designs
We now turn to a more general review of how we can use methods
from experimental psychology to evaluate the effectiveness of cartographic
designs. We start by reviewing how simple measures of performance and
reaction time can be used for this purpose, but focus primarily on eye tracking and change-detection paradigms, which have recently been adapted to
the evaluation of map designs and which can yield more in-depth information about the online cognitive processes of viewers as they work with map
displays.
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Measures of Accuracy and Response Time

Since many map use tasks involve searching for information, one obvious
way to test the effectiveness of map designs is to compare the speed and accuracy with which participants locate a specified item within two or more contrasting map designs. Following standard experimental design procedures, a
series of tasks is required to minimize the effect of random response variability, and ideally the tasks are randomly ordered to prevent experimental bias.
In a map interpretation task, participants may be required to respond
in various ways, from the traditional method of hitting a specified key or
button to respond to a yes-no question, to locating the object by physically pointing at a touch screen. This kind of procedure, while most strongly
associated with psychophysics research, can also be very useful with cartographic map designs (e.g., Lloyd, 1997). However, such methods on their
own provide little insight regarding the specific cognitive processes used to
accomplish different tasks, what map features attract users' attention, and
so on, although debriefing participants can help with this. The methods also
require experimental controls that often mean that the studied tasks are
relatively artificial, so they sometimes provide little insight regarding how
quickly and efficiently users might perform a realistic task with the map in
an actual use context.

Eye Movement Tracking

Tracking eye movements (eye tracking) has been used in cartographic
research since the early 1970s, but early studies led to few advances in design
knowledge (MacEachren, 1995; Montello, 2002). Eye tracking research was
expensive and difficult, given the technologies available at the time. In addition, the complexities of the relationship between eye fixations and visual
attention were not fully appreciated in the early'1970s. For example, we now
know that while eye fixations are correlated with visual attention, attention
can also be dissociated from eye fixations (Posner, 1980), so that there is no
strict guarantee that a visually fixated object is what the viewer is attending
to at the time. A third reason is that eye movement research at that time
was concerned primarily with reading, so that methods for the analysis of
eye fixations on visual-spatial displays had not been fully developed (i.e., for
analysis of fixations over fields of view versus text).
In recent years eye tracking technologies have become more available,
useful, and usable, and we know more about the relationship between eye
fixations and visual attention (Henderson and Ferreira, 2004). We also have
better statistical methods for analyzing eye fixations on visual displays,
including "area-of-interest" analyses in which we examine the number of
fixations or total gaze duration on different (and sometimes pre specified)
regions of a display.
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As a result, researchers are now in a better position to apply eye tracking
methods to evaluate map designs and principles of cartography. Eye tracking can help to evaluate the design of maps, especially in situations where
users need to search the display visually as a critical part of their tasks. This
method can augment other usability measures, and typical measures of task
performance such as ~ccurac~ and speed, by indic~ting aspects of the user's
perception and attention during the task. Eye fixations can reveal both how
the users went about the task and how they may have been distracted from
performing the task optimally (Fuhrmann et aI., 2005; Çöltekin, Fabrikant,
and Lacayo, 2010; Çöltekin, Heil, Garlandini, and Fabrikant, 2009).
For navigation and other tasks that involve immersion within the geographic environment itself, less intrusive helmet- or spectacle-mounted
mobile eye trackers now allow for field studies with far more precise and
useful data recording, which can also take into account the use of other
sources of visual information (such as the surrounding scene) as well as the
map itself. This may even be taking us to the point where maps can become
secondary or omitted for many tasks that are immersed in the spatial environment itself. Instead, feedback from an eye tracking system can allow for
geographic information to be directly superimposed upon the scene within
the viewer's vision using "augmented reality" techniques (e.g., Baldauf,
Fröhlich, and Hutter, 2010). Augmented reality might also be used deliberately to direct the user's attention in a task-relevant direction (e.g., .Biocca,
Owen, Tang, and Bohil, 2007). Of course, these partial and dynamic visualizations are still subject to visual design issues in themselves, and require
evaluation techniques like those that we advocate for static maps.
The advent of advanced methods that allow the tracking of eye fixations
during movement in the world, and the application of eye fixations to moving stimuli in dynamic visualizations, have raised new challenges for analyzing the data from eye tracking studies. In addition, because visual attention
is a complex phenomenon, eye tracking and other techniques need to do
more than simply identify initial fixations or relative proportions of time
spent gazing at different areas of a static visual display.
Sequential analysis approaches can help us to understand the time course
of users' interactions with a visualization, which is a first step to detailing
the reasoning strategies involved. It is especially relevant where changes in a
physical environment over time are a key aspect of the user's task. Changes
over time have been studied by examining how people view static visualizations that represent dynamic phenomena via multiple small images ("small
multiples") (Fabrikant et aI., 2008). However, as analysis tools improve, eye
tracking techniques are becoming particularly attractive for studying performance with dynamically changing computer-based visualizations, sothat the
impact of display changes on the viewer's sequence of fixations can be better
understood. In a neat twist, researchers have harnessed the spatial analysis
techniques built into the same geographic information systems (GIS) that
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produce maps and other spatial visualizations in the first place, to analyz
and interpret the patterns of users' eye movements upon those visualizatio e
(Çöltekin, Fabrikant, and Lacayo, 2010).
ns
While eye tracking can provide important insights regarding how Us
.
.h
h 11
.
.
¡:ers
Int~ract WIt maps, a c a enge In m?vIng torward is that some of the tÙUe.
saving features of mo~er~ eye. tra~kIng. software can sometimes be difficult
to apply to geographic visuatizatíon displays, This is especially true wh
analyzing ecologically valid tasks rather than artificial "view-then-ans en
.
"1 b
.
Wer ..
questions
a expenmems For example, "areas of interest" analyses (
.
hl'
~g
companng t e re atrve amount of time or number of fixations spent vie . "
·fi··
WIng
~pecI c ~ap .regIOns) c.an prove difficult or even impossible to apply mean.
Ingful~y In highly detailed displays (Riley, 2006). An added complexity of
maps ISthat they often overlay variables, so that the same area of interest'
a map can p~esent information about different variables (e.g., pressure a~~
temperature
In •a weather map; Hegarty et al. , 2010). In a digital display , Iay..
f· ¡:ers o nnormanon can also be shown or hidden panned and zoomed so th
"
.
"
at
It IScrucial to match fixation data to the content of the screen at its locati
.
.
on
a t that moment In time.
It is also important to distinguish time spent attending to the user interfac
of the geog~aphic information system or other mapping software from tim:
~pent st~dYIng the actual map content. For example, "interface" time might
Include t~me spen~ issuing c~mmands to zoom, pan, label, query, print, save,
change VIsual variables, or lude/show data layers. This separation can be difficult when the technology allows users to perform commands via keyboard
~hortcuts, or where user interface items are closely integrated with the map
Itself (for example, via "popup" information boxes or menus).
For both of th~se pro?lems, part of the solution is to integrate the eye
movement data WIth logging by the geographic information system itself so
~hat each gaze ~xation is linked correctly to a known map or user interface
Item tha~ was ~Isplayed at that screen location at that time. Another part of
the S.olutIOn~Ig~t be to co!lect think-aloud protocols concurrently with eye
fix~tIOns, t? aId InterpretatIOn of the user's intentions during a given period
of InteractIon.
Finally, ~ome p_rofessional map use environments can impose difficulties
for evaluatIng deSIgns using eye tracking. These include situations in which
people view m~ps.under poor or variable lighting conditions, or in which they
~se st~reo~copIC Imagery. Remote desktop eye tracking systems (the least
IntruSIve kInd for desk-based task recording) still do not work well with people who. we.ar glas~es. However, in general more is now possible at far less cost
(and; WIth IncreaSIngly sophisticated software, far less analysis effort) than in
p~e:lOus dec~des. As a result, eye tracking is now being used routinely with
dIgItal map dIsplays not only in psychology laboratories but in evaluations
by pr~fessional geographic information providers such a~ national mapping
agenCIes (e.g., Brodersen, Andersen, and Weber, 2001; Davies et aI., 2007).
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ua
Vls a, phenomena such as "change blindness," include some potentially
'nterest In
..
b . fl
1 f lIternatives
or additions to eye tracking, These will now be ne y
use
u a
outlined.
probe Tasks
An alternative but less pre~ise m~thod ?f identifying where a participant
, t been looking on a visual display ISthe letter-probe
hasJUs
.
. or number-probe
n
this
paradigm,
immediately
after
a
map
Image
disappears
from the
k I
tas . it is replaced by an array of letters or digits for around 100 ml'11·
isecscreen,
. Il
onds (allowing at most one saccad~, ~.e., a si?g~e eye ~ovement typrea y
king around 50 milliseconds). ThIS In turn IS immediately followed by a
ta
l
visual
"mask" (e.g., an array of stars or dots), displayed ~or 500 ml'11'
isecon d s.
The mask disrupts the visual afterimage, so that the VIewers cannot ment 11 "scan" around it. Participants are then asked to recall what letters (or
a mbers) they managed to see. (Of course, in experiments using
nu
. this task,. it
is usually important also to include a subsequent memory or Interpr~tatlon
task that requires recall of the map itself, so that participants do not Ign?re
it and just focus on the letter pro be!) This method has the advantage of ~eI~g
inexpensive and nonintrusive, but it locates a participant's v~sual gaze ,:Ithln
the initial exposure with only an approximate spatial resolution. It also Introduces an artificial task into the procedure, which reduces ecological validity.
Nevertheless it can be sufficient to test relatively straightforward hypotheses
about the impact of design and task variables on visual attention, especially
in the immediate early stages of viewing a map display.
Davies et al. (2006) used this method to examine the interaction between
photogrammetry expertise and visual salience in people's initial fixations on
aerial photographs (where the only image-related task was a subseque~t recognition test), as mentioned earlier. Whenever a letter from the pro~e dI~play
was recalled by a participant, the researchers calculated the relatIve vIsual
salience of the specific area of the initial image that had been replaced by
that letter, and thus compared the two participant groups on their tendency
to look more at salient than nonsalient areas before the image was replaced
by the grid of letters. The method also allowed the researchers in this case to
compare different types of image (e.g., rural versus urban imagery) for th~ir
relative tendencies for salience to guide the viewer's attention. Thus, despIte
its cruder spatial resolution than eye tracking, this paradigm can still ?e used
to compare two or more designs or visualization types, as well as dIfferent
participant groups or viewing conditions.
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Change Detection Paradigms
Change detection or change "blindness" paradigms have been used in research
with map visualizations (Garlandini and Fabrikant, 2009; Lansdale et al
2010), with the assumption that users will be more likely to notice a change in
the map if it is either more perceptually salient or more relevant to the task
As with the number-probe paradigm, this can be done either with or withon¡
additional eye tracking. In its simplest form, a change detection task involves
showing a map or other visualization for a certain period on a single screen
then following it with a different version in which at least some objects or fea~
tures are altered in some way (after a briefly blank screen, to prevent the impression of movement that would draw attention to the change). Alternatively, to
reduce memory load in the task (which could affect performance regardless
o~ original ~ttention), t~e images may be compared side-by-side - although
visual working memory ISof course still required as the viewer switches attention from one to the other. Change detection of this kind was a central task
in the research described earlier on performance of expert photogrammetrists
(Lansdale et aI., 2010), as it is an important part of their work.
A third method, which again reduces but does not completely avoid working memory load, is to alternate the two images repeatedly every second or
two (again interspersed with a brief blank image to preclude the impression
of movement), until the participant responds in some way to indicate the
presence/absence or location of the change. This is called the "flicker paradigm" (Rensink, O'Regan, and Clark, 1997).
Garlandini and Fabrikant (2009) give an example of using the flicker paradigm with geographic visualizations and discuss the usefulness of this as an
evaluation method for map design. Their study focused on comparing the
relative effects of changing different visual variables (as in Bertin's scheme).
The key dependent variable was response time (length of elapsed time before
participants hit a key to indicate that they spotted the change), although
again eye fixations were also recorded. Participants were also asked to locate
and describe the change. The results indicated that changing size, color hue,
and color value (effectively altering contrast) was far more noticeable to participants than changing the orientation of a map feature. Change blindness
tasks can thus allow the researcher either to identify and/or to eliminate the
use of visual variables that appeared to mislead participants on error-prone
trials, or to compare accuracy of performance between different visual variables, participant types, or map designs. Again eye tracking is not essential to
this method, although it can greatly aid interpretation of results.

Assessing User Preferences
What role do user preferences play in evaluating map designs? If people have good intuitions about the effectiveness of visualization, cartographers

and geographic systems engineers who are working under time pressure may
wonder whether objective empirical evaluations as described earlier can be
avoided, in favor of subjective user evaluations. In addition, since modern
mapping software allows users of displayed graphics to alter their visual
appearance at will, one might ask whether "design" can now be effectively
left in the hands of end users. Examination of this issue has long suggested
otherwise (Green 1993; McGuinness, 1994; Smallman, Cook, Manes, and
cowen, 2007; Hegarty, Smallman, Stull, and Canham, 2009). Studies have
shown repeatedly that when allowed to choose (or given a chance to create)
more realistic or more iconographic (cartographically symbolized) visualizations, inexperienced viewers prefer to see or create more realistic and complex terrain maps or imagery with much extraneous (task-irrelevant) detail.
However, the same participants perform decision-making tasks in various
domains significantly less effectively with those preferred visualizations than
with cartographically principled and iconographic maps that present only
task-relevant information. The importance of this simplification to match
task requirements follows the same principle as for other types of information display (Tufte, 2001; Kosslyn, 2006; Hegarty, 2011).
This is an important point for applied domains in which traditional "market'.' researc~ is likely to clash with empirical validation of cartographic
design, p~rtlcularly for less experienced users. In a commercial setting a
comprormse may have to be reached, but in professional or safety-critical
environments, where optimally fast and/or accurate performance can be
essential, the preceding findings suggest strongly that map design should
not be left to personal preference or customization, especially by untrained
users. Geographic visualization designers and researchers can thus demonstrate t~e c~st-effective~ess of skilled and task-focused design and empirical
evaluation, In terms of Increased efficiency and productivity.

Conclusions
.
Despite the traditional focus on cartography as a craft, recent studies have shown a surprising degree of congruence between conventional cartographic (and general graphic design) principles and measures of people's
perfor~~nce such as eye movements, response times, accuracy, recall, and
~eco~nltlon of visual elements in the display. Eye tracking, although revealmg, I.S not always essential in evaluating a geographic visualization. However,
multIple measures and a systematic empirical approach are critical, given
that ~~er preferences in this area do not always match with perceptual and
cognI~IVereality. Many questions remain, particularly regarding the extent
to whìch the principles and methods discussed here may still be applicable
~ novel technologies such as augmented reality or stereoscopic 3D displays.
evertheless, future researchers should be able to address these via the same
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general approach - learning from theories and models in psychophysics, but
bearing in mind the broader cognitive task and context of the real world map
user, and the continuing value of simplifying visualization displays to reflect,
and draw the user's eyes to, the most task-relevant information.
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