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Abstract: There has been an increasing drive to understand failures in searches for weapons and
explosives in X-ray baggage screening. Tracking eye movements during the search has produced new
insights into the guidance of attention during the search, and the identification of targets once they
are fixated. Here, we review the eye-movement literature that has emerged on this front over the last
fifteen years, including a discussion of the problems that real-world searchers face when trying to
detect targets that could do serious harm to people and infrastructure.
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1. Introduction

The job of an airport screener is to stop a wide range of prohibited items being taken on board
aircraft. Some of these prohibited items are threats (e.g., guns, knives, explosives) and some are
restricted for other reasons (e.g., liquids, narcotics, etc.). Airport screeners search for the presence of
these prohibited items in two or three-dimensional images derived from X-raying screening trays. Their
job is, therefore, one that requires the inspection of visual images for the presence of prohibited items.

While the ability to detect prohibited items in X-ray images of baggage has been explored for
some decades, it came on to the radar of experimental psychologists following the terrorist attacks
on the World Trade Center in New York in 2001. From this time onwards, researchers sought to
better understand the perceptual and cognitive challenges associated with airport baggage screening.
In this review, we report some key data from experimental studies in which eye movements have
been recorded in order to better understand how, when, and why errors are made during the search.
The results have been informative from both a theoretical and practical perspective.

2. What Are the Images Used in Baggage Screening?

Compared to most real-world search stimuli and medical images, baggage images have less
structure. The contents and arrangement of items in bags and of bags on screening trays are difficult to
predict. This leaves the screener with few expectations about where these objects should appear within
the image, and thus makes decision making more uncertain than in most other search tasks.

Baggage images are typically, but not always, colored (or more correctly pseudo-colored) using a
standard color mapping (see Figure 1). The artificial color mapping depicts the density of the objects in
the image, and also provides some information about object materials. Interpreting density is relatively
straightforward: areas with no material or with very low density appear as white, with higher density
regions appearing as darker and more saturated colors. If a region is so dense that no X-rays pass

Vision 2019, 3, 24; doi:10.3390/vision3020024 www.mdpi.com/journal/vision

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Apollo

https://core.ac.uk/display/275552279?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.mdpi.com/journal/vision
http://www.mdpi.com
https://orcid.org/0000-0001-5673-4052
http://www.mdpi.com/2411-5150/3/2/24?type=check_update&version=1
http://dx.doi.org/10.3390/vision3020024
http://www.mdpi.com/journal/vision


Vision 2019, 3, 24 2 of 15

through it, it is depicted as black. Interpreting X-ray images is tricky because these arbitrary color
mappings produce a visual world that is very different from what we are accustomed to.

Vision 2019, 3, x FOR PEER REVIEW 2 of 15 

 

higher density regions appearing as darker and more saturated colors. If a region is so dense that no 
X-rays pass through it, it is depicted as black. Interpreting X-ray images is tricky because these 
arbitrary color mappings produce a visual world that is very different from what we are accustomed 
to. 

 
Figure 1. Example X-ray images of bags, two contain threats (top left—knife; bottom right–pistol); 
images from the CaSePIX image library [1]. Reproduced with permission from the copyright holder 
Dr Greg Davis. 

The depiction of information about the materials making up the objects is more complex. The X-
rays that have passed through the objects can be used to infer an atomic number, which is then used 
to put each part of the image into one of three categories. Those regions with the lowest atomic 
numbers will include most explosives, but will of course include many non-threatening organic 
materials as well, such as foods and fabrics. These regions of the image are assigned an orange hue 
in the standard color mapping. Regions with the highest atomic numbers include metal weapons 
such as guns and knives, but also many harmless objects, and appear as blue. Atomic numbers in 
between these ranges are often shown as green, and can generally be regarded as less threatening 
because they are not metal and are not explosives. 

The challenge to the interpretation of X-ray images is increased because all but the densest 
objects have a certain amount of transparency. Once X-rays have been emitted from the X-ray sources 
and passed through one object, they may pass through other objects before striking the collector and 
being registered. Thus, one part of the image often depicts information about multiple objects. This 
overlap introduces the additional problem of segmenting the different objects from one another.  

There is another aspect of object overlap in X-ray images that is very different from our usual 
experience. When an orange, green, or blue hue is assigned to each part of the image, it is based on 
an average of the atomic numbers of the different materials that the X-ray beam has passed through. 
Thus, if an organic object with atomic number in the low range overlaps with a metal object with 
atomic number in the high range, the region of overlap in the image may be depicted as belonging to 
the middle range.  

Figure 1. Example X-ray images of bags, two contain threats (top left—knife; bottom right–pistol);
images from the CaSePIX image library [1]. Reproduced with permission from the copyright holder Dr
Greg Davis.

The depiction of information about the materials making up the objects is more complex. The X-rays
that have passed through the objects can be used to infer an atomic number, which is then used to put
each part of the image into one of three categories. Those regions with the lowest atomic numbers will
include most explosives, but will of course include many non-threatening organic materials as well,
such as foods and fabrics. These regions of the image are assigned an orange hue in the standard color
mapping. Regions with the highest atomic numbers include metal weapons such as guns and knives,
but also many harmless objects, and appear as blue. Atomic numbers in between these ranges are
often shown as green, and can generally be regarded as less threatening because they are not metal
and are not explosives.

The challenge to the interpretation of X-ray images is increased because all but the densest objects
have a certain amount of transparency. Once X-rays have been emitted from the X-ray sources and
passed through one object, they may pass through other objects before striking the collector and being
registered. Thus, one part of the image often depicts information about multiple objects. This overlap
introduces the additional problem of segmenting the different objects from one another.

There is another aspect of object overlap in X-ray images that is very different from our usual
experience. When an orange, green, or blue hue is assigned to each part of the image, it is based on an
average of the atomic numbers of the different materials that the X-ray beam has passed through. Thus,
if an organic object with atomic number in the low range overlaps with a metal object with atomic
number in the high range, the region of overlap in the image may be depicted as belonging to the
middle range.
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Clearly, interpreting overlapping objects in X-ray images requires careful consideration. Adding to
the challenge is that these searches are often conducted in a busy work environment with time pressure
from long lines of passengers who are concerned about missing a flight. Thus, it is important for us to
find ways to make the task easier and to increase accuracy and efficiency. This is particularly important
in light of the fact that, although search times (and limits) vary from airport to airport and from country
to country, screeners often will take around only six seconds to complete their searches [2].

Recent innovations to security screening include dual view where screeners make their decisions
from interpreting two orthogonal views (and sometimes a photographic image of the tray as well) [3].
Computed tomography (CT) scanners have also become available as an alternative to more traditional
X-ray machines. An apparent advantage of CT scanners is that they can generate a 3D image of a tray
which can be manipulated on-screen, including advancing through 2D slices of the full 3D volume [4].
The challenge to threat detection in baggage search that these conditions create is altered but not
fundamentally changed by recent innovations aimed at supporting image interpretation by providing
richer imagery.

While these advanced imaging systems add information that should help in the detection of
prohibited items, they may also create new challenges. We note two of these challenges here as we
think they are important, despite being largely unexplored. First, search and interpretation from
viewing two orthogonal views requires the ability to make eye movements to the same or related
locations on the different images showing orthogonal views. As far as we are aware there is only
a single unpublished study on the success and utility of making these eye movements with respect
to baggage screening [5]. Second, radiological imaging requires searching for targets in slices of a
3D volume, but what is being imaged in medical imaging is of a known structure and complexity,
and what is being identified are variations from a norm. The risk to baggage screening of using this
technology is that features consistent with an early emerging target may be ‘tracked’ through slices,
leading to misses from targets appearing later in the sequence of slices. We know of only a single study
that has explored an analogue of this situation [6].

3. What Are the Decisions Made by Baggage Screeners?

While we refer to baggage search throughout this review, in line with the existing literature on
this topic, in the real world of baggage screening, the images are more correctly defined as the contents
of screening trays. Screening trays can contain bags, laptops, and other items that are routinely X-rayed
such as keys, wallets and mobile telephones. The clarification is an important one to make. It is
important to be clear that the visual search and threat identification challenge that these different
situations deliver for screeners changes somewhat unpredictably on a tray-by-tray basis. The important
point is that some decisions can be made without the need for extensive searching at all, but on the basis
that the gist of the tray indicates the presence of very little or nothing that comes close to resembling a
target. We define gist here in a very limited way as providing an estimation of the clutter of the objects
within a tray. Virtually empty trays may allow rejection on the basis that the limited material present
can easily be discounted as resembling a target. We do not mean to imply gist emerging from object
co-occurrence, configurations or scene backgrounds [7].

A screener can either “clear” a bag and let it pass, or “reject” it. A bag may be rejected because
a prohibited object(s) can be seen and readily identified in an image. However, a bag may also be
“rejected” simply because the screener cannot be certain that prohibited objects(s) are not present in an
image, probably because there are many objects overlapping one another. In either case, the decision
to reject bags usually leads to further investigation through hand searching.

4. The Security Search Task

Having considered the images from which ‘clear’ and ‘reject’ decisions are made and the nature of
those decisions, we now turn to eye movements and the security search task. The color coding of atomic
density allied to the uncertainties created by contents, the arrangement of contents, and viewpoint
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mean that color is often used to guide attention to possible targets. Fortunately, we know quite a
lot about how people search for color and the eye movement behavior associated with this search.
In addition, studies have explored the costs associated with simultaneously searching for more than
one color, as is the case when searching for, for example, the orange indicating possible plastic explosive
and the blue/black indicating possible wire, guns or knives.

There are a number of prominent models of visual search [8–10], and fewer such models of visual
search and eye movement behavior [11,12]. Despite their differences, the models of search share the
common idea that, during the search, our limited resources need to be directed to given objects in
order to determine whether those objects are targets [13]. In the classic Guided Search model, which
has been revised several times since its inception [8,14–16], attention is directed towards target-similar
objects, one at a time, until a target is found, or until the searcher decides to quit. The decision to
terminate search can depend on a number of factors, including the time spent searching and errors
made on previous trials [17]. Models of eye movements and visual search share much the same overall
architecture, though they do generally focus more on the mechanisms that govern when and where to
move the eyes during a search [11,18,19].

The recording of eye movements during the search opened up new avenues for understanding
the information processing that takes place during the search. Many early studies of eye movements
and the search of complex images involved radiographic image screening. These studies adapted and
developed the language of guidance in visual search to focus on the fractionation of what takes place in
terms of information-processing during visual search [20,21]. Put simply, by recording eye movement
behavior, researchers were able to determine when, how and why targets were missed; this was,
and still is, a question of vital importance when it comes to real-world search tasks in which missing a
target can have severe consequences. These studies developed a new framework for understanding
eye movements during the search by focusing on failures of guidance and failures of decision-making.

Failures of guidance were measured using three eye movement metrics: namely, the probability
that a target was fixated during a search, the speed at which a target was fixated during the search,
and the number of nontargets fixated. Connecting with classic models of search, such as Guided
Search [8], under this view, an easier search task can be conceptualised as one wherein the target is
directly and rapidly fixated. As a search task becomes more difficult, there is a longer delay before
the target is fixated, as more and more nontargets are fixated, and the target is less likely to be fixated
at all. As a direct consequence of this reduction in the efficacy of guidance, targets in more difficult
search tasks can then be missed purely because of a failure in guidance. An early eye tracking study by
McCarley and colleagues [22] found that after practice, subjects fixated fewer nontargets, but were no
more likely to fixate the target. We will discuss what factors make search tasks more difficult in the
context of baggage screening in more detail below.

Even if a target is directly fixated, this is not a guarantee that it will be detected. Such failures of
decision-making in search can also be measured using two eye movement metrics: the time between
fixating the target and identifying it as a target, and the probability of detecting a target after fixating it.
When a target is more complex or difficult to recognise, this increases the time required to identify
it, and, worse still, reduces the probability that it will be detected even after being directly fixated.
The study mentioned earlier by McCarley et al. [22] found that search practice substantially improved
target identification, although some of that improvement was tied to specific target images.

With this basic framework now set out, we will turn to outlining several ways in which exactly
these forms of error have been studied extensively in the context of tasks inspired by airport X-ray
baggage screening, beginning with the study of target templates in baggage search.

An understanding of the time taken to search baggage comes from studies of attentional control
and guidance. A number of different theories of attentional control [8,10] are built on the assumption
that early visual processing provides limited types of information that can be used to guide attentional
selection. In difficult searches like baggage search, this attentional guidance is based on a mental
representation with information about the target to be found, sometimes called the “target template”.
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Once attentional guidance has determined which portions of the input should be selected, those
portions are then processed more fully to recognize objects and interpret their configurations relative
to one another. In general, the information stored in the target template seems to be constrained by the
rather severe limitations that apply to visual working memory. Despite those limits, visual search can
be very flexible, as demonstrated by experiments by Wolfe and colleagues [23,24] in which participants
are asked to search for as many as 100 different targets. These searches probably do not benefit from
the accurate guidance that is possible when searching for a single color or orientation.

In bags that are largely empty, the guidance of attention may be so precise that attention is quickly
directed to the search target, or the absence of any target can be quickly determined. Guidance may
instead be imprecise, perhaps because it has not been possible to develop an effective target template
(although even target templates that inaccurately specify target features afford guidance proportional
to their target similarity [25]). In addition, it may also be the case that a bag is so densely packed
with multiple metal and organic objects that focused attention is required to segment and identify
and possible objects. Many baggage searches will fall somewhere in between these easy and difficult
extremes. In general, attention should be guided toward the dark blue and black regions that might be
metal weapons, and to the orange regions that might be explosives. By preventing attention to the
light and green regions, guidance can limit the amount of time spent in attentional processing.

Attentional guidance is fairly accurate when a target is known to have a specific color [26].
Information about the target color can be used to form a mental representation or template to guide
attention toward items with similar colors, avoiding most of the other colors. Security search is
somewhat more complicated than this simple single-color search, however: the threat targets can
be either black, blue, or orange, and the regions that can be ruled out based on color can be either
green or low-saturation colors close to white. Performance in searches for multiple targets is often
worse in the search for two targets than in the search for a single target, although the nature of the
cost varies depending on the task. Sometimes, accuracy is lower or response times are longer in
dual-target search, as shown by Menneer and colleagues [27] in searches for abstract target stimuli
defined by color, orientation, or shape. Menneer et al. [28] also found dual-target costs in accuracy
for searches among X-ray images of objects, as long as the two targets differed from one another in
color. Eye-tracking studies, both with abstract shapes [29] and with X-ray images [26] have helped to
illustrate one source of the dual-target cost. In those experiments, participants who were searching for
two types of targets with different colors made a number of fixations to distractors that had colors
different from either target.

The drop in search efficiency between 1-color search and 2-color search was explored with a set
of very basic abstract stimuli by Stroud et al. [30]. The target was distinguished from distractors by
a difficult shape discrimination, but it could nonetheless be found quickly if its color was known in
advance. In 1-color search, fixation rates to colors that were very different from the target were low,
demonstrating effective color guidance. However, when the target could appear in either of two very
different colors, there were many more fixations to colors that were very different from the distractor.
Dual-target search was much slower because participants were spending time fixating distractors
that should have been excluded by color guidance. Search guidance could be degraded further by
expanding the set of possible target colors to eight, so that the range of possible colors covered half of
the possible hues [31]. The implication of this finding for baggage screening is clear: the simultaneous
search for more than one target reduces guided eye movements to targets and increases unguided eye
movements to things that are very unlikely to be targets. The time limited aspect of baggage screening
makes the increased number of unguided fixations in multiple target versus single target search a
significant problem when considered in the context of the job.

While color may be the best cue to guide attention in baggage search, it is not a reliable cue to
the presence of prohibited items, as many non-prohibited items are also coded in orange and blue.
Participants in these studies have the option to employ color guidance or not in these particular tasks
because the target can often be identified by shape. The Stroud et al. study shows that if many of the
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items with the target color also have a shape that makes them a distractor, then participants are much
less likely to guide their eye movements by color, but if most of the items with the target colors are
actual targets, then there will be a stronger tendency to direct fixations to the target colors and away
from colors that were never targets [31]. This pattern suggests that participants have some high-level
control over how guidance is used in search: if they expect color to lead them to a target on a high
proportion of trials, then they will employ color guidance more often. For baggage screeners to make
use of color to guide their eye movements, they may well need to resist this tendency, and instead
decide to use color guidance, despite the low likelihood that what is fixated will be a prohibited item.

Other experiments have demonstrated flexibility in search guidance that may be informative to
understanding how to manage searching for multiple targets. In an eye-movement study by Beck,
Hollingworth, and Luck [32], participants could either search for two target colors simultaneously,
or search first for one color and then switch to the other, depending on the instructions. When left
to choose their search method on their own, participants seem to do something in between purely
simultaneous and purely successive search: they often switch between fixating one target color and
fixating the other, but at a given moment during the search they seem to favour one target over the
other [33].

In summary, when a search task, like baggage search, requires holding two colors in working
memory, participants are more likely to perform the task without guiding attention by color, even
though guidance may make their search more efficient. This occurs whether both colors are search
targets, or one is held for another task [34]. When guidance is not used, there may be many fixations to
distractors that could be avoided, and the search may take much longer to complete.

5. Identification of Complex, Overlapping Transparent Objects

As noted above, one of the key problems associated with searching through baggage X-rays is
the fact that they contain a wide array of varied overlapping and transparent objects. The manner in
which these objects combine creates a uniquely difficult task wherein objects can be difficult to identify
(see reference [35] for an excellent illustration of this point).

Applying what is known regarding human search behavior to the basic properties of the images
that screeners search through is a difficult task, mainly because the vast majority of visual search
experiments have utilised displays wherein objects do not overlap with one another. Studies that have
examined the deleterious effect of searching through cluttered, overlapping displays [36,37] find that
search is impaired for these difficult images.

More recently, we conducted a series of experiments [38] that focused on the problem of overlap
and transparency in search and also recorded the eye movement behavior of participants as they
searched the displays. We found that, for opaque displays, target detection rates fell substantially and
reaction times increased when object overlap increased. We also found that perceptual selection and
perceptual identification errors increased substantially as overlap increased. Moving to transparent
displays, the same basic pattern emerged, with the important difference that reaction times were even
longer for higher levels of overlap than in the opaque displays. Crucially, this was likely to be the
result of the fact that, in transparent images, the complexity of the displays obscures but does not
remove information as it does in opaque displays. The cost associated with perceptual identification in
transparent images led to long verification times because of the need to examine multiple different
possibilities of grouping and object identity before a final decision could be reached.

Despite the apparent concerns regarding the effects of overlapping images in complex displays,
there is reason to be confident that there may be ways to assist those searching these difficult images.
In the same set of studies [38], we also found that presenting the objects on separate three-dimensional
depth planes aids search and ameliorates the effects of overlap, suggesting that future research would
benefit from further understanding the benefits of depth in aiding in the segmentation and identification
of complex, overlapping objects during the search.
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6. The Problem of Low Prevalence

It is fortunate that targets in X-ray baggage are very rare indeed, but the relative scarcity of targets
can influence the likelihood of detecting those targets once they finally do appear. One line of studies
focuses on the prevalence of targets, which is defined as the proportion of trials on which a target is
presented. These studies demonstrate that low target prevalence, e.g., 2%, results in a reduction in the
target detection rates compared to higher prevalence levels, e.g., 50% [39–41].

Early studies of this prevalence effect used behavioral measures, including response times,
response accuracy, and signal detection theory measures [42]. The general finding was that reductions
in target prevalence resulted in a shift in the response criterion such that participant responses became
more conservative and less likely to respond that a target was present. By this we mean that their hit
rate and false alarm rate were reduced and target-absent responses were sped up relative to when
target prevalence was higher [41,43–47].

Later and more recent studies of eye movement behavior in conditions of varied prevalence
have helped to elaborate on how, when and why rare targets are missed when prevalence is low. For
example, a reduction in target prevalence increases failures of perceptual selection, whereby searchers
fixate fewer objects in each trial as prevalence is reduced [48]. It is worth noting that efforts to overcome
this shortcoming by providing feedback in relation to where fixations have and have not been made
are unlikely to help [49,50].

Moreover, the failure of perceptual selection is added to by the fact that targets are fixated more
slowly when target prevalence is low [48]. Moreover, a reduction in target prevalence also increases
the likelihood of perceptual identification errors, with participants not just being slower to identify
targets after fixating them, but also less likely to detect targets after fixating them [48,51,52].

It is worth noting that some of the challenges caused by the low prevalence of actual threat items
are mitigated in the real world of baggage screening by the inclusion of other prohibited items that
must be searched for. Even without the inclusion of other prohibited items that must be searched for,
the detection of threat items may be aided by the inclusion of Threat Image Projection (TiP) items
amongst baggage images. TiP items are fictitious guns, knives and IEDs that are pseudo-randomly
presented in the context of whole bags to screeners. TiP items are always of low prevalence - one
published study reported on TiP detection rates using data from real screeners performing their jobs in
situ [53] where the prevalence rate was set at 4%. That low prevalence rate is, however, higher than the
actual incidence of these kinds of threats.

Although target prevalence remains an issue for baggage screeners, they are detecting prohibited
items, including threat items, more often than might be supposed. Importantly, with the inclusion of
prohibited items beyond threats, they are doing so at a higher rate than envisaged in some experimental
analogues of baggage screening where target prevalence is manipulated.

7. Differences in Individual Screeners

So far we have considered how studying eye movements has informed us of the challenges
associated with finding and identifying prohibited items during baggage search. In doing so it seems to
us that key eye movement metrics reflect different stages of processing and decision making associated
with baggage search. In this final section, we consider how these metrics might be influenced by
individual differences.

As a population, baggage screeners vary in their age, experience and training, in addition to
their cognitive abilities and affective characteristics. Differences in screener performance are certainly
contributed to by individual differences in basic perceptual processing (e.g., references [35,54]). There
is evidence for reliable individual differences over time in sensitivity and some evidence of modest
age-related decline that has been attributed to reducing efficiency of perceptual and cognitive abilities
that cannot be overcome by years of performing the screening task [54,55].

More importantly, and perhaps not surprisingly, differences in screener performance are
contributed to by training focussed on developing robust templates of prohibited items [35]. A question
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that emerges is whether training improves search guidance to possible prohibited items or verification
for identification? While there is likely to be some improvement in both, there is good evidence that
the effect of training is more striking on processes associated with verification than guidance [22,56].
The improvement in target detection that comes with training is more striking with respect to IEDs
than guns, knives and other kinds of prohibited items [57]. It seems that training mostly (though not
exclusively) improves the robustness of the templates that allow screeners to more readily match what
is seen to what they know, and improvement is greatest when there is most to learn.

A pattern emerges of good screeners being defined as having (1) an ability to make a fast and
accurate ‘clear’ decision based on the gist derived from the image; (2) excellent guidance of attention
to potential prohibited items; (3) speed in verifying or rejecting item identity based on having robust
target templates to match items against; while also ensuring that they are (4) sufficiently exhaustive in
search to ensure all possible targets are investigated and all viable interpretations of items are tested
against target templates.

While these are distinct issues that could be explored in future studies, the current literature
allows only a coarser analysis, which we consider in terms of three broad categories. The first is how
working memory capacity and attentional control might influence search and guidance. The second is
how factors related to conservatism in decision-making influence the thoroughness of search and the
time given to verify target presence and absence (and how this relates to the first category). Finally, we
consider a third broad category of individual differences that may relate specifically to search through
slices of a 3D data volume.

Our goal in exploring these issues is simple. Prior evidence clearly shows that baggage screening
performance is associated with basic perceptual skills and task knowledge. Beyond that, is there
any evidence of systematic relationships between cognitive and affective factors and eye movement
behavior when searching complex images then we might be able to use to inform the selection of
baggage screeners? We ask this question in light of the four characteristics of good screening that were
outlined above and in the spirit of a hypothesis worthy of exploration. We do not have a view of the
relative importance of the individual differences that we discuss for baggage screening, especially
since they may jointly influence the performance of any given individual.

8. Working Memory Capacity and Attentional Control

While working memory capacity (WMC) does not predict performance in very simple searches,
it does in complex search tasks, including those that demand sustained high levels of attentional
control [58–60]. We previously discussed how target templates are held or processed in visual working
memory (e.g. references [61,62]). It follows from this that effective dual-target search will typically
involve more WMC (even in searches which require long-term memory storage [63], WM is still needed
for encoding, retrieving and maintaining templates [64]).

It is also conceivable that holding two targets in WM, or one target in conjunction with an item
from a simultaneous memory task, may require some sort of memory organization or segregation to
minimise interference. Maintaining this WM segregation may require more resources than merely
searching for a single target. This is consistent with both the study noted earlier which showed that
adding extra WM load can interfere with search guidance and lead to more unguided fixations [34]
and with evidence that when search distractors match a color held in WM, saccades are slower and less
accurate [65]. Greater WMC must therefore be advantageous in dual-target search tasks that involve
the guidance of eye movements to two targets [66].

Extra resources will also help sustain high levels of attentional control and avoid erroneous
eye movements due to the conflicts that must be resolved as different targets try to pull attention
in different directions [67]. Furthermore, maintaining attentional control is likely to be particularly
challenging when a dual-target search is coupled with low levels of target prevalence [68,69]. It is
beyond the scope of the current review to discuss the relationship between WM and attention at any
length (see reference [70] for more detail), but we can say that WMC predicts attentional control in
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an antisaccade task and, in the same study, high WMC participants exhibited less of a performance
cost when switching from an anti- to a prosaccade task [71]. Similar costs may be observed when
two target templates are active successively and guidance shifts from one target to another over time;
not only will extra resources be needed to coordinate the switch, but residual information from previous
task sets, including target templates, will also increase the likelihood of eye movements to irrelevant
items [72–75].

As individuals search, some of the resources that could have been allocated to dual-target guidance
may instead be engaged in other cognitive tasks; they may be monitoring how well they are doing
in the task, or speculating on the motivation for the experiment, or making plans for the rest of the
day [76]. Participants may also be motivated to hold some resources in reserve due to a built-in
aversion to high levels of resource utilization that ensures resource availability for unanticipated future
tasks. In summary, while it not been tested directly, it follows from these behavioral and eye movement
laboratory studies that good baggage screening performance would be associated with high WMC and
good attentional control.

9. Setting Conservative Decision Thresholds

While low target prevalence makes search and target verification more challenging, good baggage
screeners will be relatively resistant to these effects; they will tend to ensure all locations that might
contain a target are searched and that those locations are processed until all possible interpretations of
image features are considered before deciding to clear or reject. Doing so equates to good baggage
screeners setting conservative decision thresholds for terminating their inspection of individual
fixations during the search and for continuing fixations before ending search, including when no
target is found. The ability to set conservative decision thresholds will be influenced by training and
a number of studies have examined the performance of trained screeners [55,77]. In these studies,
screener performance is often characterized in terms of Signal Detection Theory measures that reflect
the relationship between screeners’ hit rates and false alarm rates [78].

Apart from training, the setting of decision thresholds will also be influenced by the individual
tendency to be ‘satisfied’ with search. ‘Satisfaction of search’ was a term used primarily in the context
of radiographic screening to describe failures to detect subsequent targets following the detection of a
first [79]. Different accounts of this effect exist, but it is likely that it is not related to satisfaction at
all, but rather a combination of a bias towards finding subsequent targets that are similar to an initial
target (perceptual set bias) and the depletion of cognitive resources associated with finding an initial
target [80,81]. This phenomenon has since been renamed ‘subsequent search misses’ to reflect the
contribution of these other factors [81]. Individual tendencies linked to satisfaction are an important
source of individual variance in the setting of quitting thresholds and response criteria during the
search [82–84]. Consistent with the notion of resource depletion, recent evidence links individual
differences in WMC to errors of both perceptual selection (failure to fixate targets) and perceptual
identification (failure of verification) during the search [85]. In a follow-up study, the effect of WMC on
perceptual selection errors was attributed to quitting thresholds that were not adequately conservative;
that is to say, searchers quit before they had fixated targets [68].

There are a number of psychological measures that tap into individual tendencies for satisfaction
during the search. One of these is the ‘Maximization Scale’ [86], a 13-item personality scale that
assesses the degree to which an individual is a ‘maximizer’, who will strive for the best outcome, or a
‘satisficer’, who will accept outcomes that are good enough. Maximization is also conceptually linked
to perfectionism and it has been demonstrated that perfectionists who engage with X-ray search and
object identification tasks perform these tasks more accurately and faster than other individuals [87].
Attention to detail, as assessed by a subscale of the Autism Quotient, predicts accuracy in X-ray
baggage search and has been the basis of a recent scale developed specifically to assess aptitude for
X-ray baggage screening, the XRIndex [88].
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One component of trait anxiety, Intolerance of Uncertainty (IU), may also lead to a tendency to
settle for poorer performance in a search. IU represents the extent to which individuals experience
(and can cope with) worry about uncertain future events [89,90] and can bias decision making towards
minimizing uncertainty. IU positively predict false alarm rates in a complex search task where
participants searched for low prevalence color targets. In this task the color targets appeared in
arrays of colored squares whose appearance changed dynamically over time through an ordered color
space [6]. The increased false alarms reflect a decision to prematurely classify as targets items that are
still distractors (and have yet to become targets).

Compared to simple laboratory search tasks, the complexities of X-ray search may increase the
likelihood of individuals who tend to be easily satisfied, or those with greater IU, to terminate searches
prematurely (i.e. lowering quitting thresholds). We suspect that there are some contingencies between
the thresholds for terminating fixations both to possible targets and in target verification, WMC,
maximisation and IU. At the very least, it is an area worthy of further research.

10. Searching through Three-Dimensional Volumes

Earlier in this review we discussed how baggage search is merely altered, and not fundamentally
changed, by advances in screening technology. One of the ways in which screening is altered by CT
scanning technology is that screeners are able to search through sequential 2D slices of a 3D volume.
Interacting with images in this way introduces a dynamic element into the search task, whereby the
image to be searched changes dynamically as screeners move through the slices. Each 2D slice is also
related to the slices either side of it in 3D space, such that moving through slices will cause objects to
emerge over time in a predictable way. This technology is relatively new in baggage screening and the
implications of it for the eye movements made during the search are unclear (though see reference [91]
for a discussion of related issues in medical imaging ).

A priori it seems to us that searching for prohibited items with a technology that allows search to
have a predictive aspect across ‘slices’ brings a risk that search can become unduly focussed on these
locations. From a different paradigm, there is evidence that individual differences in WMC and IU
influence the number of fixations made when monitoring dynamically changing color displays for the
onset of targets [6]. For individuals with low WMC, those with high IU made fewer eye movements
relative to those with low IU. This issue requires much further investigation. Nevertheless, this result
emphasizes the importance of measuring eye movements as a tool to help develop our understanding
some of the psychological challenges that new ways of the data visualizations bring.

11. General Discussion and Summary

We have known for a long time that security searches of baggage can be very difficult. Security
screeners start at a disadvantage when searching through X-ray images, because those images differ in
fundamental ways from real-world images. The objects do not appear in the colors that we associate
with them, and overlapping objects produce a very unnatural sort of transparency. After years
of research, we now have a better understanding of some of the other factors can make searches
especially difficult.

Some factors, such as the large numbers of objects in some bags and the degree to which those
objects overlap one another in the image, may be addressable by developing new technology that
can enhance images, perhaps by rotating them or presenting them in depth. Eye tracking has been a
useful tool in assessing technologies and measuring how searchers use them, and as both the display
technologies and the experimental methods advance, we can expect eye tracking studies to be even
more valuable in assessing future technological advances.

Other factors that complicate X-ray security searches include limitations on cognitive mechanisms
for attention and object recognition. Eye tracking data have allowed us to better understand some of
these limitations, such as the prevalence effect and the dual-target cost. It may be possible to partly or
fully overcome some of these limitations by developing new training methods. For instance, it may
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be possible to train subjects to search thoroughly even though targets rarely appear, or to guide their
search effectively using multiple target templates. Once those methods are developed, additional eye
tracking studies will allow us to measure their benefits.

If some of these limitations cannot be eliminated by training, it may still be possible to improve
security searches by devising ways to identify those individuals with the most effective perceptual
and attentional mechanisms for this type of search. The studies reviewed above suggest that testing
for WMC, maximization and tolerance to uncertainty may help to find better screeners. Research on
individual differences that are relevant to security search is just getting off the ground, so there is
probably lots to learn here.

The eye tracking studies reviewed here have given us a better understanding of the many factors
that make security searches difficult, and in some cases they are helping to find methods of improving
performance. These are, of course, important contributions to the safety and well-being of large
numbers of people, but there have been other benefits to emerge from this research as well. In addition
to the practical improvements in detecting threats, this research has contributed to our understanding
of visual search and the mental processes that control attention and object identification. For instance,
one set of studies shows that decisions to stop search are not driven solely by the stimuli but are
influenced by internal factors that have their origins outside of the attentional system. Another set
of studies shows that subjects do not effectively guide their attention when searching for two colors
if they can instead identify the target with a single shape discrimination, even though this method
makes the search much less efficient. These findings open up new questions about the basic nature of
attentional control that go beyond security search. We can expect that future research in this area will
lead to further advances in our theoretical understanding of visual cognition, while also enhancing our
abilities to detect threats.

Funding: This research was funded by a Defence and Security Accelerator grant awarded to Nick Donnelly
and Hayward J. Godwin (ref: ACC6000166). Kyle R. Cave was supported by sabbatical visit funding from the
University of Massachusetts Amherst and Liverpool Hope University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Davis, G. CaSePIX X-ray Image Library. University of Cambridge: Cambridge, UK, Unpublished work. 2017.
2. Harris, D.H. How to Really Improve Airport Security. Ergon. Des. 2002, 10, 17–22. [CrossRef]
3. Franzel, T.; Schmidt, U.; Roth, S. Object Detection In Multi-view X-Ray Images. In Proceedings of the Joint

DAGM (German Association for Pattern Recognition) and OAGM Symposium, Graz, Austria, 28–31 August
2012; Pinz, A., Pock, T., Bischof, H., Leberl, F., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 144–154.

4. Hättenschwiler, N.; Mendes, M.; Schwaninger, A. Detecting Bombs in X-Ray Images of Hold Baggage: 2D
Versus 3D Imaging. Hum. Factors 2019, 61, 305–321. [CrossRef] [PubMed]

5. Koehler, K.; Eckstein, M.P. Beyond Scene Gist: Objects Guide Search More Than Scene Background. J. Exp.
Psychol. Hum. Percept. Perform. 2017, 43, 1177–1193. [CrossRef] [PubMed]

6. Wolfe, J.M.; Cave, K.R.; Franzel, S.L. Guided Search: An Alternative To The Feature Integration Model For
Visual Search. J. Exp. Psychol. Hum. Percept. Perform. 1989, 15, 419–433. [CrossRef] [PubMed]

7. Duncan, J.; Humphreys, G. Beyond The Search Surface: Visual Search And Attentional Engagement. J. Exp. Psychol.
1992, 18, 578–588. [CrossRef]

8. Treisman, A.; Gelade, G. A Feature-Integration Theory Of Attention. Cogn. Psychol. 1980, 12, 97–136.
[CrossRef]

9. Zelinsky, G.J. A Theory of Eye Movements During Target Acquisition. Psychol. Rev. 2008, 115, 787–835.
[CrossRef] [PubMed]

10. Hulleman, J.; Olivers, C.N.L. The Impending Demise Of The Item In Visual Search. Behav. Brain Sci. 2017, 40, e132.
[CrossRef] [PubMed]

11. Eckstein, M.P. Visual Search: A Retrospective. J. Vis. 2011, 11, 14. [CrossRef]

http://dx.doi.org/10.1177/106480460201000104
http://dx.doi.org/10.1177/0018720818799215
http://www.ncbi.nlm.nih.gov/pubmed/30247937
http://dx.doi.org/10.1037/xhp0000363
http://www.ncbi.nlm.nih.gov/pubmed/28287759
http://dx.doi.org/10.1037/0096-1523.15.3.419
http://www.ncbi.nlm.nih.gov/pubmed/2527952
http://dx.doi.org/10.1037/0096-1523.18.2.578
http://dx.doi.org/10.1016/0010-0285(80)90005-5
http://dx.doi.org/10.1037/a0013118
http://www.ncbi.nlm.nih.gov/pubmed/18954205
http://dx.doi.org/10.1017/S0140525X15002794
http://www.ncbi.nlm.nih.gov/pubmed/26673054
http://dx.doi.org/10.1167/11.5.14


Vision 2019, 3, 24 12 of 15

12. Wolfe, J.M. Guided Search 4.0: Current Progress With A Model Of Visual Search. In Integrated Models of
Cognitive Systems; Gray, W., Ed.; Oxford University Press: New York, NY, USA, 2007; pp. 99–120.

13. Wolfe, J.M. Guided Search 2.0 A Revised Model of Visual Search. Psychon. Bull. Rev. 1994, 1, 202–238.
[CrossRef]

14. Wolfe, J.M.; Gancarz, G. Guided Search 3.0. In Basic and Clinical Applications of Vision Science;
Lakshminarayanan, V., Ed.; Springer: Dordrecht, the Netherlands, 1997.

15. Chun, M.M.; Wolfe, J.M. Just Say No: How Are Visual Searches Terminated When There Is No Target Present?
Cogn. Psychol. 1996, 30, 39–78. [CrossRef] [PubMed]

16. Findlay, J.M.; Walker, R. A Model Of Saccade Generation Based On Parallel Processing And Competitive
Inhibition. Behav. Brain Sci. 1999, 22, 661–674; discussion 674–721. [CrossRef] [PubMed]

17. Tatler, B.W.; Brockmole, J.R.; Carpenter, R.H.S. LATEST: A Model Of Saccadic Secisions In Space And Time.
Psychol. Rev. 2017, 124, 267–300. [CrossRef] [PubMed]

18. Kundel, H.L.; La Follette, P.S. Visual Search Patterns And Experience With Radiological Images. Radiology
1972, 103, 523–528. [CrossRef] [PubMed]

19. Nodine, C.F.; Kundel, H.L. Using Eye Movements To Study Visual Search And To Improve Tumor Detection.
RadioGraphics 2013, 7, 1241–1250. [CrossRef]

20. Mccarley, J.S.; Kramer, A.F.; Wickens, C.D.; Vidoni, E.D.; Boot, W.R. Visual Skills In Airport-Security Screening.
Psychol. Sci. 2004, 15, 302–306. [CrossRef] [PubMed]

21. Wolfe, J.M. Saved By A Log: How Do Humans Perform Hybrid Visual And Memory Search? Psychol. Sci.
2012, 23, 698–703. [CrossRef]

22. Wolfe, J.M.; Aizenman, A.M.; Boettcher, S.E.P.; Cain, M.S. Hybrid Foraging Search: Searching For Multiple
Instances Of Multiple Types Of Target. Vis. Res. 2016, 119, 50–59. [CrossRef]

23. Hout, M.C.; Goldinger, S.D. Target Templates: The Precision Of Mental Representations Affects Attentional
Guidance And Decision-Making In Visual Search. Atten. Percept. Psychophys. 2015, 77, 128–149. [CrossRef]

24. Menneer, T.; Stroud, M.J.; Cave, K.R.; Li, X.; Godwin, H.J.; Liversedge, S.P.; Donnelly, N. Search For Two
Categories Of Target Produces Fewer Fixations To Target-Color Items. J. Exp. Psychol. Appl. 2012, 18, 404–418.
[CrossRef]

25. Menneer, T.; Phillips, L.; Donnelly, N.; Barrett, D.J.K.; Cave, K.R. Search Efficiency For Multiple Targets. Cogn.
Technol. 2004, 9, 22–25.

26. Menneer, T.; Cave, K.R.; Donnelly, N. The Cost Of Search For Multiple Targets: Effects Of Practice And Target
Similarity. J. Exp. Psychol. Appl. 2009, 15, 125–139. [CrossRef] [PubMed]

27. Stroud, M.J.; Menneer, T.; Cave, K.R.; Donnelly, N.; Rayner, K. Search For Multiple Targets Of Different Colors:
Misguided Eye Movements Reveal A Reduction Of Color Selectivity. Appl. Cogn. Psychol. 2011, 25, 971–982.
[CrossRef]

28. Stroud, M.J.; Menneer, T.; Cave, K.R.; Donnelly, N. Using The Dual-Target Cost To Explore The Nature
Of Search Target Representations. J. Exp. Psychol. Hum. Percept. Perform. 2012, 38, 113–122. [CrossRef]
[PubMed]

29. Stroud, M.J.; Menneer, T.; Kaplan, E.; Cave, K.R.; Donnelly, N. We Can Guide Search By A Set Of Colors, But
Are Reluctant To Do It. Atten. Percept. Psychophys. 2019, 81, 377–406. [CrossRef] [PubMed]

30. Beck, V.M.; Hollingworth, A.; Luck, S.J. Simultaneous Control Of Attention By Multiple Working Memory
Representations. Psychol. Sci. 2012, 23, 887–898. [CrossRef] [PubMed]

31. Cave, K.R.; Menneer, T.; Nomani, M.S.; Stroud, M.J.; Donnelly, N. Dual Target Search Is Neither Purely
Simultaneous Nor Purely Successive. Q. J. Exp. Psychol. 2018, 71, 169–178. [CrossRef]

32. Menneer, T.; Cave, K.R.; Kaplan, E.; Stroud, M.J.; Chang, J.; Donnelly, N. The Relationship Between Working
Memory And The Dual-Target Cost In Visual Search Guidance. J. Exp. Psychol. Hum. Percept. Perform. 2019.
[CrossRef] [PubMed]

33. Hardmeier, D.; Hofer, F.; Schwaninger, A. The X-Ray Object Recognition Test (X-Ray ORT)—A Reliable And
Valid Instrument For Measuring Visual Abilities Needed In X-Ray Screening. In Proceedings of the 39th
Annual 2005 International Carnahan Conference On Security Technology, Las Palmas, Spain, 11–14 October
2005; pp. 189–192.

34. Verghese, P.; Mckee, S.P. Visual Search In Clutter. Vis. Res. 2004, 44, 1217–1225. [CrossRef] [PubMed]
35. Adamo, S.H.; Cain, M.S.; Mitroff, S.R. Targets Need Their Own Personal Space: Effects Of Clutter On

Multiple-Target Search Accuracy. Perception 2015, 44, 1203–1214. [CrossRef]

http://dx.doi.org/10.3758/BF03200774
http://dx.doi.org/10.1006/cogp.1996.0002
http://www.ncbi.nlm.nih.gov/pubmed/8635311
http://dx.doi.org/10.1017/S0140525X99002150
http://www.ncbi.nlm.nih.gov/pubmed/11301526
http://dx.doi.org/10.1037/rev0000054
http://www.ncbi.nlm.nih.gov/pubmed/28358564
http://dx.doi.org/10.1148/103.3.523
http://www.ncbi.nlm.nih.gov/pubmed/5022947
http://dx.doi.org/10.1148/radiographics.7.6.3423330
http://dx.doi.org/10.1111/j.0956-7976.2004.00673.x
http://www.ncbi.nlm.nih.gov/pubmed/15102138
http://dx.doi.org/10.1177/0956797612443968
http://dx.doi.org/10.1016/j.visres.2015.12.006
http://dx.doi.org/10.3758/s13414-014-0764-6
http://dx.doi.org/10.1037/a0031032
http://dx.doi.org/10.1037/a0015331
http://www.ncbi.nlm.nih.gov/pubmed/19586251
http://dx.doi.org/10.1002/acp.1790
http://dx.doi.org/10.1037/a0025887
http://www.ncbi.nlm.nih.gov/pubmed/22004194
http://dx.doi.org/10.3758/s13414-018-1617-5
http://www.ncbi.nlm.nih.gov/pubmed/30402735
http://dx.doi.org/10.1177/0956797612439068
http://www.ncbi.nlm.nih.gov/pubmed/22760886
http://dx.doi.org/10.1080/17470218.2017.1307425
http://dx.doi.org/10.1037/xhp0000643
http://www.ncbi.nlm.nih.gov/pubmed/30985178
http://dx.doi.org/10.1016/j.visres.2003.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15066387
http://dx.doi.org/10.1177/0301006615594921


Vision 2019, 3, 24 13 of 15

36. Godwin, H.J.; Menneer, T.; Liversedge, S.P.; Cave, K.R.; Holliman, N.S.; Donnelly, N. Adding Depth To
Overlapping Displays Can Improve Visual Search Performance. J. Exp. Psychol. Hum. Percept. Perform. 2017,
43, 1532–1549. [CrossRef] [PubMed]

37. Mitroff, S.R.; Biggs, A.T. The Ultra-Rare-Item Effect: Visual Search For Exceedingly Rare Items Is Highly
Susceptible To Error. Psychol. Sci. 2014, 25, 284–289. [CrossRef] [PubMed]

38. Schwark, J.D.; Macdonald, J.; Sandry, J.; Dolgov, I. Prevalence-Based Decisions Undermine Visual Search.
Vis. Cogn. 2013, 21, 541–568. [CrossRef]

39. Menneer, T.; Donnelly, N.; Godwin, H.J.; Cave, K.R. High Or Low Target Prevalence Increases The Dual-Target
Cost In Visual Search. J. Exp. Psychol. Appl. 2010, 16, 133–144. [CrossRef] [PubMed]

40. Green, D.M.; Swets, J.A. Signal Detection Theory And Psychophysics; Wiley: New York, NY, USA, 1966.
41. Fleck, M.S.; Mitroff, S.R. Rare Targets Are Rarely Missed In Correctable Search. Psychol. Sci. 2007, 18, 943–947.

[CrossRef] [PubMed]
42. Godwin, H.J.; Menneer, T.; Cave, K.R.; Helman, S.; Way, R.L.; Donnelly, N. The Impact Of Relative Prevalence

On Dual-Target Search For Threat Items From Airport X-Ray Screening. Acta Psychol. 2010, 134, 79–84.
[CrossRef]

43. Godwin, H.J.; Menneer, T.; Cave, K.R.; Donnelly, N. Dual-Target Search For High And Low Prevalence X-Ray
Threat Targets. Vis. Cogn. 2010, 18, 1439–1463. [CrossRef]

44. Ishibashi, K.; Kita, S.; Wolfe, J.M. The Effects Of Local Prevalence And Explicit Expectations On Search
Termination Times. Atten. Percept. Psychophys. 2012, 74, 115–123. [CrossRef]

45. Wolfe, J.M.; Horowitz, T.S.; Kenner, N. Rare Items Often Missed In Visual Searches. Nature 2005, 435, 439–440.
[CrossRef]

46. Godwin, H.J.; Menneer, T.; Riggs, C.A.; Cave, K.R.; Donnelly, N. Perceptual Failures In The Selection And
Identification Of Low-Prevalence Targets In Relative Prevalence Visual Search. Atten. Percept. Psychophys.
2015, 77, 150–159. [CrossRef]

47. Peltier, C.; Becker, M.W. Eye Movement Feedback Fails To Improve Visual Search Performance. Cogn. Res.
Princ. Implic. 2017, 2, 47. [CrossRef] [PubMed]

48. Drew, T.; Williams, L.H. Simple Eye-Movement Feedback During Visual Search Is Not Helpful. Cogn. Res.
Princ. Implic. 2017, 2, 44. [CrossRef]

49. Godwin, H.J.; Menneer, T.; Riggs, C.A.; Taunton, D.; Cave, K.R.; Donnelly, N. Understanding The Contribution
Of Target Repetition And Target Expectation To The Emergence Of The Prevalence Effect In Visual Search.
Psychon. Bull. Rev. 2016, 23, 809–816. [CrossRef] [PubMed]

50. Godwin, H.J.; Menneer, T.; Cave, K.R.; Thaibsyah, M.; Donnelly, N. The Effects Of Increasing Target Prevalence
On Information Processing During Visual Search. Psychon. Bull. Rev. 2015, 22, 469–475. [CrossRef] [PubMed]

51. Meuter, R.F.I.; Lacherez, P.F. When And Why Threats Go Undetected: Impacts Of Event Rate And Shift
Length On Threat Detection Accuracy During Airport Baggage Screening. Hum. Factors 2015, 58, 218–228.
[CrossRef] [PubMed]

52. Schwaninger, A.; Hardmeier, D.; Hofer, F. Measuring Visual Abilities And Visual Knowledge Of Aviation
Security Screeners. IEEE ICCST Proc. 2004, 38, 258–264.

53. Koller, S.M.; Drury, C.G.; Schwaninger, A. Change Of Search Time And Non-Search Time In X-Ray Baggage
Screening Due To Training. Ergonomics 2009, 52, 644–656. [CrossRef] [PubMed]

54. Schwaninger, A.; Hardmeier, D.; Riegelnig, J.; Martin, M. Use It And Still Lose It? Geropsych 2010, 23, 169–175.
[CrossRef]

55. Bleckley, M.K.; Durso, F.T.; Crutchfield, J.M.; Engle, R.W.; Khanna, M.M. Individual Differences In Working
Memory Capacity Predict Visual Attention Allocation. Psychon. Bull. Rev. 2003, 10, 884–889. [CrossRef]

56. Halbherr, T.; Schwaninger, A.; Budgell, G.R.; Wales, A. Airport Security Screener Competency: A
Cross-Sectional And Longitudinal Analysis. Int. J. Aviat. Psychol. 2013, 23, 113–129. [CrossRef]

57. Poole, B.J.; Kane, M.J. Working-Memory Capacity Predicts The Executive Control Of Visual Search Among
Distractors: The Influences Of Sustained And Selective Attention. Q. J. Exp. Psychol. 2009, 62, 1430–1454.
[CrossRef] [PubMed]

58. Sobel, K.V.; Gerrie, M.P.; Poole, B.J.; Kane, M.J. Individual Differences In Working Memory Capacity And
Visual Search: The Roles Of Top-Down And Bottom-Up Processing. Psychon. Bull. Rev. 2007, 14, 840–845.
[CrossRef] [PubMed]

http://dx.doi.org/10.1037/xhp0000353
http://www.ncbi.nlm.nih.gov/pubmed/28383964
http://dx.doi.org/10.1177/0956797613504221
http://www.ncbi.nlm.nih.gov/pubmed/24270463
http://dx.doi.org/10.1080/13506285.2013.811135
http://dx.doi.org/10.1037/a0019569
http://www.ncbi.nlm.nih.gov/pubmed/20565198
http://dx.doi.org/10.1111/j.1467-9280.2007.02006.x
http://www.ncbi.nlm.nih.gov/pubmed/17958706
http://dx.doi.org/10.1016/j.actpsy.2009.12.009
http://dx.doi.org/10.1080/13506285.2010.500605
http://dx.doi.org/10.3758/s13414-011-0225-4
http://dx.doi.org/10.1038/435439a
http://dx.doi.org/10.3758/s13414-014-0762-8
http://dx.doi.org/10.1186/s41235-017-0083-2
http://www.ncbi.nlm.nih.gov/pubmed/29214208
http://dx.doi.org/10.1186/s41235-017-0082-3
http://dx.doi.org/10.3758/s13423-015-0970-9
http://www.ncbi.nlm.nih.gov/pubmed/26597890
http://dx.doi.org/10.3758/s13423-014-0686-2
http://www.ncbi.nlm.nih.gov/pubmed/25023956
http://dx.doi.org/10.1177/0018720815616306
http://www.ncbi.nlm.nih.gov/pubmed/26608048
http://dx.doi.org/10.1080/00140130802526935
http://www.ncbi.nlm.nih.gov/pubmed/19424926
http://dx.doi.org/10.1024/1662-9647/a000020
http://dx.doi.org/10.3758/BF03196548
http://dx.doi.org/10.1080/10508414.2011.582455
http://dx.doi.org/10.1080/17470210802479329
http://www.ncbi.nlm.nih.gov/pubmed/19123118
http://dx.doi.org/10.3758/BF03194109
http://www.ncbi.nlm.nih.gov/pubmed/18087947


Vision 2019, 3, 24 14 of 15

59. Gunseli, E.; Olivers, C.N.L.; Meeter, M. Effects Of Search Difficulty On The Selection, Maintenance,
and Learning Of Attentional Templates. J. Cogn. Neurosci. 2014, 26, 2042–2054. [CrossRef]

60. Olivers, C.N.L.; Peters, J.; Houtkamp, R.; Roelfsema, P.R. Different States In Visual Working Memory: When
It Guides Attention And When It Does Not. Trends Cogn. Sci. 2011, 15, 327–334. [CrossRef] [PubMed]

61. Hollingworth, A.; Luck, S.J. The Role Of Visual Working Memory In The Control Of Gaze During Visual
Search. Atten. Percept. Psychophys. 2009, 71, 936–949. [CrossRef] [PubMed]

62. Barrett, D.J.K.; Zobay, O. Attentional Control Via Parallel Target-Templates In Dual-Target Search. Plos ONE
2014, 9, E86848. [CrossRef]

63. Meier, M.E.; Kane, M.J. Attentional Control And Working Memory Capacity. In The Wiley Handbook Of
Cognitive Control; Wiley: Chichester, West Sussex, UK, 2017; pp. 50–63.

64. Peltier, C.; Becker, M.W. Individual Differences Predict Low Prevalence Visual Search Performance. Cogn. Res.
Princ. Implic. 2017, 2, 5. [CrossRef]

65. Helton, W.S.; Russell, P.N. Feature Absence-Presence And Two Theories Of Lapses Of Sustained Attention.
Psychol. Res. 2011, 75, 384–392. [CrossRef]

66. Friedman, N.P.; Miyake, A. Unity And Diversity Of Executive Functions: Individual Differences As A
Window On Cognitive Structure. Cortex 2017, 86, 186–204. [CrossRef]

67. Kane, M.J.; Bleckley, M.K.; Conway, A.R.A.; Engle, R.W. A Controlled-Attention View Of Working-Memory
Capacity. J. Exp. Psychol. Gen. 2001, 130, 169–183. [CrossRef]

68. Meiran, N. Modeling Cognitive Control In Task-Switching. Psychol. Res. 2000, 63, 234–249. [CrossRef]
69. Meiran, N.; Chorev, Z.; Sapir, A. Component Processes In Task Switching. Cogn. Psychol. 2000, 41, 211–253.

[CrossRef]
70. Pashler, H. Task Switching And Multitask Performance. In Attention And Performance XVIII: Control Of

Cognitive Processes; Monsell, S., Driver, J., Eds.; MIT Press: Cambridge, MA, USA, 2000; pp. 277–307.
ISBN 0262133679.

71. Adamo, S.H.; Cain, M.S.; Mitroff, S.R. An Individual Differences Approach To Multiple-Target Visual Search
Errors: How Search Errors Relate To Different Characteristics Of Attention. Vis. Res. 2017, 141, 258–265.
[CrossRef]

72. Kiyonaga, A.; Egner, T. Working Memory As Internal Attention: Toward An Integrative Account Of Internal
And External Selection Processes. Psychon. Bull. Rev. 2013, 20, 228–242. [CrossRef]

73. Wolfe, J.M.; Brunelli, D.N.; Rubinstein, J.; Horowitz, T.S. Prevalence Effects In Newly Trained Airport
Checkpoint Screeners: Trained Observers Miss Rare Targets, Too. J. Vis. 2013, 13, 33. [CrossRef]

74. Sterchi, Y.; Hättenschwiler, N.; Schwaninger, A. Detection Measures For Visual Inspection Of X-Ray Images
Of Passenger Baggage. Atten. Percept. Psychophys. 2019. [CrossRef]

75. Tuddenham, W.J. Visual Search, Image Organization, and Reader Error In Roentgen Diagnosis. Radiology
1962, 78, 694–704. [CrossRef]

76. Cain, M.S.; Mitroff, S.R. Memory For Found Targets Interferes With Subsequent Performance In
Multiple-Target Visual Search. J. Exp. Psychol. Hum. Percept. Perform. 2013, 39, 1398–1408. [CrossRef]

77. Cain, M.S.; Adamo, S.H.; Mitroff, S.R. A Taxonomy Of Errors In Multiple-Target Visual Search. Vis. Cogn.
2013, 21, 899–921. [CrossRef]

78. Berbaum, K.S.; Schartz, K.M.; Caldwell, R.T.; Madsen, M.T.; Thompson, B.H.; Mullan, B.F.; Ellingson, A.N.;
Franken, E.A. Satisfaction Of Search From Detection Of Pulmonary Nodules In Computed Tomography Of
The Chest. Acad. Radiol. 2013, 20, 194–201. [CrossRef]

79. Berbaum, K.S.; Krupinski, E.A.; Schartz, K.M.; Caldwell, R.T.; Madsen, M.T.; Hur, S.; Laroia, A.T.; Thompson, B.H.;
Mullan, B.F.; Franken, E.A. Satisfaction Of Search In Chest Radiography 2015. Acad. Radiol. 2015, 22, 1457–1465.
[CrossRef]

80. Adamo, S.H.; Cain, M.S.; Mitroff, S.R. Satisfaction At Last: Evidence For The “Satisfaction” Account For
Multiple-Target Search Errors. In Proceedings of the Medical Imaging 2018: Image Perception, Observer
Performance, and Technology Assessment, Houston, TX, USA, 7 March 2018.

81. Peltier, C.; Becker, M.W. Decision Processes In Visual Search As A Function Of Target Prevalence. J. Exp.
Psychol. Hum. Percept. Perform. 2016, 42, 1466–1476. [CrossRef]

82. Schwartz, B.; Ward, A.; Monterosso, J.; Lyubomirsky, S.; White, K.; Lehman, D.R. Maximizing Versus
Satisficing: Happiness Is A Matter Of Choice. J. Personal. Soc. Psychol. 2002, 83, 1178–1197. [CrossRef]

http://dx.doi.org/10.1162/jocn_a_00600
http://dx.doi.org/10.1016/j.tics.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21665518
http://dx.doi.org/10.3758/APP.71.4.936
http://www.ncbi.nlm.nih.gov/pubmed/19429970
http://dx.doi.org/10.1371/journal.pone.0086848
http://dx.doi.org/10.1186/s41235-016-0042-3
http://dx.doi.org/10.1007/s00426-010-0316-1
http://dx.doi.org/10.1016/j.cortex.2016.04.023
http://dx.doi.org/10.1037/0096-3445.130.2.169
http://dx.doi.org/10.1007/s004269900004
http://dx.doi.org/10.1006/cogp.2000.0736
http://dx.doi.org/10.1016/j.visres.2016.10.010
http://dx.doi.org/10.3758/s13423-012-0359-y
http://dx.doi.org/10.1167/13.3.33
http://dx.doi.org/10.3758/s13414-018-01654-8
http://dx.doi.org/10.1148/78.5.694
http://dx.doi.org/10.1037/a0030726
http://dx.doi.org/10.1080/13506285.2013.843627
http://dx.doi.org/10.1016/j.acra.2012.08.017
http://dx.doi.org/10.1016/j.acra.2015.07.011
http://dx.doi.org/10.1037/xhp0000248
http://dx.doi.org/10.1037/0022-3514.83.5.1178


Vision 2019, 3, 24 15 of 15

83. Onefater, R.A.; Kramer, M.R.; Mitroff, S.R. Perfection And Satisfaction: A Motivational Predictor Of Cognitive
Abilities. In Proceedings of the Annual Workshop On Object Perception, Attention, and Memory, Vancouver,
BC, USA, 8–9 November 2017.

84. Rusconi, E.; Ferri, F.; Viding, E.; Mitchener-Nissen, T. Xrindex: A Brief Screening Tool For Individual
Differences In Security Threat Detection In X-Ray Images. Front. Hum. Neurosci. 2015, 9, 1–18. [CrossRef]

85. Birrell, J.; Meares, K.; Wilkinson, A.; Freeston, M.H. Toward A Definition Of Intolerance Of Uncertainty: A Review Of
Factor Analytical Studies Of The Intolerance Of Uncertainty Scale. Clin. Psychol. Rev. 2011, 31, 1198–1208. [CrossRef]

86. Buhr, K.; Dugas, M.J. Investigating The Construct Validity Of Intolerance Of Uncertainty And Its Unique
Relationship With Worry. J. Anxiety Disord. 2006, 20, 222–236. [CrossRef]

87. Muhl-Richardson, A.; Godwin, H.J.; Garner, M.; Hadwin, J.A.; Liversedge, S.P.; Donnelly, N. Individual
Differences In Search And Monitoring For Color Targets In Dynamic Visual Displays. J. Exp. Psychol. Appl.
2018, 24, 564–577. [CrossRef]

88. Venjakob, A.C.; Mello-Thoms, C.R. Review Of Prospects And Challenges Of Eye Tracking In Volumetric
Imaging. J. Med. Imaging 2015, 3, 011002. [CrossRef]

89. Godwin, H.J.; Donnelly, N.; Liversedge, S.P. Eye Movement Behavior Of Airport X-Ray Screeners When
Using Different Dual-View Display Systems. 2009. Unpublished Report.

90. Drew, T.; Boettcher, S.; Wolfe, J.M. Searching While Loaded: Visual Working Memory Does Not Interfere
With Hybrid Search Efficiency But Hybrid Search Uses Working Memory Capacity. Psychon. Bull. Rev. 2016,
23, 201–212. [CrossRef]

91. Williams, L.H.; Drew, T. Working Memory Capacity Predicts Search Accuracy For Novel As Well As Repeated
Targets. Vis. Cogn. 2018, 26, 463–474. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fnhum.2015.00439
http://dx.doi.org/10.1016/j.cpr.2011.07.009
http://dx.doi.org/10.1016/j.janxdis.2004.12.004
http://dx.doi.org/10.1037/xap0000155
http://dx.doi.org/10.1117/1.JMI.3.1.011002
http://dx.doi.org/10.3758/s13423-015-0874-8
http://dx.doi.org/10.1080/13506285.2018.1490370
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	What are the Images Used in Baggage Screening? 
	What Are the Decisions Made by Baggage Screeners? 
	The Security Search Task 
	Identification of Complex, Overlapping Transparent Objects 
	The Problem of Low Prevalence 
	Differences in Individual Screeners 
	Working Memory Capacity and Attentional Control 
	Setting Conservative Decision Thresholds 
	Searching through Three-Dimensional Volumes 
	General Discussion and Summary 
	References

