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From “satisfaction of search” to “subsequent 
search misses”: a review of multiple-target 
search errors across radiology and cognitive 
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Abstract 

For over 50 years, the satisfaction of search effect has been studied within the field of radiology. Defined as a decrease 
in detection rates for a subsequent target when an initial target is found within the image, these multiple target errors 
are known to underlie errors of omission (e.g., a radiologist is more likely to miss an abnormality if another abnormal-
ity is identified). More recently, they have also been found to underlie lab-based search errors in cognitive science 
experiments (e.g., an observer is more likely to miss a target ‘T’ if a different target ‘T’ was detected). This phenom-
enon was renamed the subsequent search miss (SSM) effect in cognitive science. Here we review the SSM literature 
in both radiology and cognitive science and discuss: (1) the current SSM theories (i.e., satisfaction, perceptual set, 
and resource depletion theories), (2) the eye movement errors that underlie the SSM effect, (3) the existing efforts 
tested to alleviate SSM errors, and (4) the evolution of methodologies and analyses used when calculating the SSM 
effect. Finally, we present the attentional template theory, a novel mechanistic explanation for SSM errors, which ties 
together our current understanding of SSM errors and the attentional template literature.
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template
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Introduction
Visual search is defined as the process of looking for 
targets amongst distractors and is a key cognitive abil-
ity we use to navigate the visual world. Visual search can 
be as mundane as looking for a car in a crowded park-
ing lot or as critical as searching a chest image for signs 
of cancer. Much is known about attention and object 
processing by studying visual search. For example, the 
detection of the target may be easier or harder depend-
ing on how similar the perceptual features (e.g., color and 
shape) are between targets and distractors (e.g., Duncan 

& Humphreys, 1989). Target detection is also influenced 
by the prevalence of targets (e.g., Mitroff & Biggs, 2014; 
Wolfe et al., 1997) and the amount of visual information 
(e.g., clutter) presented within the visual search image 
(e.g., Rosenholtz et  al., 2007). Finally, much is known 
about how a target’s location is selected within the search 
environment (e.g., Olivers et  al., 2011; Treisman, 1991; 
Wolfe, 1994).

While single-target search is well-researched (see Eck-
stein, 2011; Nakayama & Martini, 2011 for a review), 
much less is known about multiple-target search in 
which more than one target may be present within a 
search image. Searching for multiple targets can result in 
a miss of one target when a different target is detected in 
the image. Originally known as the satisfaction of search 
(SOS) effect in radiology (Smith, 1967), and recently 
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renamed the subsequent search miss (SSM) effect in cog-
nitive science (Adamo et al., 2013), the field of radiology 
has studied this phenomenon for over 50 years. (Smith, 
1967; Tuddenham, 1962). It is especially problematic in 
radiology because it is important to detect all abnor-
malities within an image (e.g., missing a cancer within an 
image can be life-threatening). SSM errors can account 
for up to one-third of certain radiological reading errors 
(Anbari & West, 1997) and are found to occur in a wide 
variety of radiological exams including abdominal radi-
ography, skeletal radiography, chest radiography, and 
multiple-trauma patient scans (e.g., Ashman et al., 2000; 
Berbaum et  al., 1994; Berbaum et  al., 1996; Berbaum 
et  al., 1998; Berbaum et  al., 2015; Franken et  al., 1994; 
Samuel et al., 1995).

Cognitive science began investigating SSM errors 
approximately 10  years ago and demonstrated that they 
were a general cognitive phenomenon. Novice observers 
(e.g., university undergraduates) also commit SSM errors 
in simplified-search displays (e.g., searching for target ‘T’s 
amongst distractor ‘L’s; Fleck et al., 2010). This research 
demonstrated that SSM errors were likely caused by a 
universal limitation in how observers search rather than 
something unique to radiological images or radiolo-
gists as diagnosticians. As such, cognitive scientists have 
joined medical images perception researchers and radi-
ologists in an effort to understand why SSM errors occur, 
with the ultimate goal of learning how to reduce them.

In subsequent sections, this review will discuss current 
SSM theories and the current state of the literature in 
both radiology and cognitive science. Eye-tracking, both 
in terms of its utility to understand SSM errors and the 
attempts that have been made within radiology to reduce 
SSM errors, will be discussed. The various methods and 
analyses that have been used to measure and calculate 
SSM errors will also be defined and reviewed. Finally, we 
will present a new SSM theory and discuss potential ave-
nues that SSM research should take.

Current SSM error theories
Three distinct theories were initially proposed within 
radiology to explain why SSM errors occur. The Satisfac-
tion theory hypothesized that SSM errors are a "tempo-
ral" problem—observers make SSM errors because they 
become “satisfied” with the meaning of an image (i.e., 
diagnoses) after finding a first abnormality, which causes 
them to prematurely terminate their search (Smith, 1967; 
Tuddenham, 1962). The Perceptual Set theory hypoth-
esized that SSM errors were a “perceptual” problem—
observers are more likely to search for a target that is 
similar to the target they identified first, thereby making 
them more likely to miss a dissimilar, second target (Ber-
baum et al., 1990, 1991). The Resource Depletion theory 

hypothesized that SSM errors are a "cognitive resource" 
problem—the process of detecting the first target con-
sumes cognitive resources (e.g., attention and working 
memory), which subsequently leaves fewer resources 
available to identify an additional target (Berbaum et al., 
1991; Cain & Mitroff, 2013). Individually these theories 
have all received empirical support, suggesting that there 
is a temporal, perceptual, and cognitive resource compo-
nent to SSM errors (Adamo et al., 2013, 2015, 2017, 2018; 
Biggs et al., 2015; Cain & Mitroff, 2013; Cain et al., 2013; 
Gorbunova, 2017; Samuel et al., 1995; Stothart & Brock-
mole, 2019; Stothart et  al., 2018). However,  individually 
no theory can account for all of the SSM error-related 
effects. Below, we will discuss the research from radiol-
ogy and cognitive science that was used to investigate 
each SSM theory (see Table 1 for a short description of 
the research investigating each theory).

Satisfaction theory
In the 1960s SSM errors were first noted in the radiology 
literature. Researchers at the time believed that search 
errors were caused by a feeling of "satisfaction." After 
finding a first abnormality (i.e., target), it was predicted 
that radiologists became “satisfied” with the meaning of 
the image and prematurely terminate their search, which 
caused them to miss the remaining abnormality (Smith, 
1967; Tuddenham, 1962). While this theory is the source 
of the original name “satisfaction of search,” it was not 
empirically tested until about 30  years after it was pro-
posed. The Satisfaction theory  was first tested  by com-
paring the total time radiologists spent searching 
single-abnormality and multiple-abnormality  plain-film 
chest radiographs (Berbaum et  al., 1991). The research-
ers sought to determine if less time was spent searching 
in multiple-abnormalities  images compared to single-
abnormality images. Presumably, since finding one of two 
abnormalities should be faster than finding one of one 
abnormality (i.e., you have double the chances of find-
ing an abnormality), termination of search was predicted 
to be faster in multiple abnormality images if observers 
were “satisfied.” Initially, it appeared that radiologists 
were not “satisfied” after a first abnormality was detected, 
but they instead spent the same amount of time search-
ing through single- and multiple-abnormality images. In 
other words,  radiologists did not prematurely terminate 
their search after finding the first abnormality but instead 
continued to search for additional abnormalities. To fur-
ther investigate "satisfaction", Samuel et al. (1995) found 
that when radiologists were given up to 30 seconds for 
reading chest radiographs, radiologists did spend less 
time searching multiple-abnormality images compared 
to single-abnormality images. However, these results are 
difficult to interpret because radiology participants ran 
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out of time on more than 80% of trials. Thus, it is unclear 
if these results would persist if radiologists were given 
more time to search.

Various approaches have been employed in cognitive 
science to test the Satisfaction theory (Adamo et al., 2018; 
Cain et al., 2013; Stothart & Brockmole, 2019). For exam-
ple, Cain et  al. (2013) used eye-tracking to determine 
if observers fixated additional items after finding the 
first target. They found that observers continued to fix-
ate search items after finding the first target, suggesting 
observers were not “satisfied.” Later the same researchers 

found support for the Satisfaction theory  by using an 
individual differences approach (Adamo et  al., 2018). 
There was a correlation between the time individuals 
spend searching after finding a first target and the likeli-
hood of committing an SSM error. If observers searched 
for less time after finding the first target, then they were 
more likely to miss an additional target. As a control, a 
separate vigilance task (i.e., to measure sustained atten-
tion over time) was conducted. Time spent searching 
after finding a first target was still predictive of SSM 
errors even when accounting for how vigilant observers 

Table 1 Summary of SSM Theories and Their Respective Research

Current SSM theories Research

Satisfaction Do not support
Observers become satisfied with the meaning of an image after finding 

the first target and prematurely terminate search. (Smith, 1967; Tud-
denham, 1962)

Berbaum et al. (1991)-Total time spent searching for targets is not signifi-
cantly different in single-and multiple-target images

Berbaum et al. (1998)-Observers have similar gaze-dwell times in “native” 
target area on single and multiple-target images

Fleck et al. (2010)-Total time spent searching for targets is similar in single-
and multiple-target search displays (“Appendix”)

Cain et al. (2013)-Observers rarely terminate search immediately after 
detecting the first target

Support
Samuel et al. (1995)-Less total time spent searching in multiple-target 

compared to single-target images

Adamo et al. (2018)-Observers who spend less time searching after first 
target detection are more likely to commit an SSM error

Stothart and Brockmole (2019)-Observers who are less likely to “expect” a 
second target are more likely to commit an SSM error

Perceptual set Do not support
Observers are biased to search for targets similar to a detected target and 

are more likely to miss dissimilar targets (Berbaum et al., 1990, 1991)
Fleck et al. (2010)-Observers commit SSM errors for targets that are similar 

and dissimilar in salience

Support
Berbaum et al. (2001)-Reduced SSM effect when abnormalities were similar 

in severity (i.e., both abnormalities were minor compared to a major and 
minor abnormality)

Mitroff et al. (2015)-Reduced SSM effect when targets were identical com-
pared to when they were not identical

Biggs et al. (2015)-Reduced SSM effect when targets were perceptually and 
categorically similar compared to when they were dissimilar

Gorbunova (2017)-Improved second-target detection when a first and 
second target have more perceptual features in common

Resource depletion Support
A detected first target consumes attentional and working memory 

resources leaving fewer resources readily available to detect an addi-
tional target (Berbaum et al., 1991; Cain & Mitroff, 2013)

Adamo et al. (2013)-An “attentional blink” can cause SSM errors

Cain and Mitroff (2013)-Reduced working memory load, by removing or 
changing the first target after detection, reduces SSM errors

Adamo et al. (2015)-Clutter around a second target increases SSM errors

Adamo et al. (2017)-Individual differences in attentional modulation (i.e., 
the width of their attentional blink) and vigilance correlate with the SSM 
effect

Stothart et al. (2018)-Movement of targets and distractors increases the 
SSM effect
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were. This finding suggests that above and beyond  how 
attentive observers were, those who were more “satis-
fied” produced the most SSM errors. As an explanation 
for individual differences in time spent searching after 
finding a first target, target “expectancy” (i.e., do observ-
ers expect an additional target) was proposed (Stothart 
& Brockmole, 2019). After observers found the first tar-
get, they were sometimes primed with the question of 
whether or not they expected to find a second target. 
Their “expectancy” biases derived from these trials were 
positively correlated with how long they spent search-
ing after finding the first target. If observers expected 
another target, they were more likely to search for longer 
after finding the first target.

Perceptual set theory
The Perceptual Set theory proposes that once observers 
find a target, they are primed to find similar targets and 
less likely to find dissimilar targets (Berbaum et al., 1990, 
1991). Radiology has garnered suggestive evidence for the 
validity of perceptual set theory (Berbaum et al., 2001). In 
a study reviewing multiple-trauma radiographs of obvi-
ous versus subtle fractures, there was a reduced SSM 
effect when both fractures were minor compared to when 
one was major and the other was minor (Berbaum et al., 
2001). The perceptual set theory suggests that finding the 
more obvious fracture first primed radiologists to search 
for additional obvious, similar fractures, making them 
more likely to miss subtle injuries. Alternatively, this 
could also be seen as evidence for the Resource Depletion 
theory—presumably it takes more cognitive resources 
to detect a subtle abnormality compared to an obvious 
one. Therefore, radiologists were more likely to find two 
obvious abnormalities compared to an obvious and sub-
tle abnormality. One shortcoming of this study is that it 
did not investigate the perceptual similarity of the targets 
(i.e., whether targets shared similar visual features or not) 
making it hard to determine whether radiologists were 
more likely to find perceptually similar abnormalities.

To test how the perceptual similarity between tar-
gets affects detection, cognitive scientists  have utilized 
simplified-search displays where target similarity can 
be easily manipulated by changing perceptual features, 
such as a target’s color and shape (e.g., Biggs et al., 2015; 
Fleck et al., 2010; Gorbunova, 2017). The first SSM paper 
in cognitive science reproduced the result from radiol-
ogy by demonstrating that observers were more likely 
to miss a low-salience target (i.e., a less obvious target) 
after finding a high-salience target (i.e., a more obvious 
target; Fleck et  al., 2010). However, in the same study, 
an SSM effect was also found when observers searched 
for multiple targets that were of low salience. This find-
ing suggests that the Perceptual Set theory cannot be 

the sole explanation of SSM errors because SSM errors 
still occurred when targets were highly similar in sali-
ence. Stronger evidence for the Perceptual Set theory was 
found using a wide array of targets in a simulated baggage 
screening task (Mitroff et  al., 2015; Biggs et  al., 2015). 
Unlike previous SSM studies that had a small number of 
possible target types, Biggs et al. (2015) examined simi-
larity in close to 100 possible targets across three con-
ditions: (1) whether the two targets were identical (e.g., 
two pistols), (2) whether two targets were the same color, 
and (3) whether two targets were from the same category 
(e.g., the targets were guns or gun related items such as a 
gun and bullets). While SSM errors persisted in all three 
similarity conditions, there were more SSM errors when 
the targets were dissimilar compared to when they were 
similar. Furthermore, the biggest decrease in SSM errors 
occurred when both targets were identical. These find-
ings suggest that while SSM errors occur when there are 
multiple-target types, they are reduced when targets are 
perceptually and conceptually similar. However, given 
that SSM errors still occur no matter how similar tar-
gets are (i.e., even if targets are identical; Mitroff et  al., 
2015),  this finding also suggests that the Perceptual Set 
theory alone cannot explain all SSM errors.

Resource depletion theory
According to the original resource depletion theory, 
SSM errors were predicted to occur because a found 
target captures attention, which expends the attentional 
resources readily available to process an additional target 
(Berbaum et  al., 1991). While this theory has not been 
explicitly tested in radiology, cognitive science exam-
ined whether visual working memory resources allocated 
to a first target leaves fewer resources readily available 
for additional target processing (Cain & Mitroff, 2013). 
Visual working memory has been demonstrated to store 
both the featural and spatial aspects of items within a 
visual search display (e.g., Beck et al., 2006; Hollingworth 
et  al., 2001; Körner & Gilchrist, 2008; Peterson et  al., 
2001; Takeda, 2004; Woodman & Chun, 2006). Cain and 
Mitroff (2013) found that when a first target was removed 
from a search display after being detected, there was a 
decrease in SSM errors relative to when the first target 
remained in the search display. They suggested that the 
removal of the first target reduced working memory load. 
With a reduced working memory load, working mem-
ory resources could be re-allocated to detect a second 
target, which results in  improved second-target detec-
tion.  Cain et  al., (2014) then found that if search ended 
immediately after finding the first target in a dual-target 
display, and the same display was later repeated a few dis-
plays later without the first target, second-target detec-
tion improved. There was no difference in accuracy for 
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single-target displays and accuracy for a “second-target” 
when the first target was removed and the display was 
repeated with only the remaining target. Together these 
results suggest that visual working memory plays a role 
in SSM errors and observers’ working memory resources 
are allocated to a first target after detection.

The Resource Depletion theory has additional support 
outside of the scope of visual working memory (Adamo 
et al., 2013, 2015, 2017; Stothart et al., 2018). Adamo et al. 
(2013)1 provided some of the first evidence linking atten-
tion to SSM errors by demonstrating that a well-studied 
cognitive phenomenon may underlie SSM errors. The 
paper demonstrated that a self-induced attentional blink 
could cause SSM errors when a second target is fixated 
shortly after a first target’s fixation (~ 200–500 ms after a 
first target was fixated). An attentional blink is defined as 
a decrease in second-target identification in a temporal 
visual search (e.g., Raymond et al., 1992). An attentional 
blink has been shown to occur when a second target 
appears ~ 200–500 ms after a first target (e.g., Broadbent 
& Broadbent, 1987; Chun & Potter, 1995). While atten-
tional blinks are traditionally examined in rapid serial 
visual presentation streams (e.g., where search items are 
presented serially for a brief duration in the same loca-
tion), Adamo et  al. (2013) found that they can occur in 
a spatial visual search as well. By finding that a subset of 
SSM errors can be directly attributed to the attentional 
blink suggests that SSM errors can be attributed to the 
attentional processing of a first target. Alternatively, this 
could also explain why observers are more likely to miss 
a second target when they prematurely terminate search 
after finding a first target (i.e., the support for the Satis-
faction theory; Adamo et  al., 2018; Stothart & Brock-
mole, 2019). If observers terminate search after fixating 
a second target during the attentional blink window, they 
would be more likely to miss it compared to if the sec-
ond target was fixated outside of the attentional blink 
window. More recent evidence  also corroborated that 
an attentional blink was related to SSM errors (Adamo 
et  al., 2017). Observers’ performance in an attentional 
blink task and a vigilance task both correlated with how 
often observers missed the second target after finding the 
first target. Observers with longer attentional blinks and 
observers with poorer vigilance (i.e., sustained attention 
over time) made more SSM errors compared to observers 
with shorter attentional blinks and better vigilance.

Other research related to attention and SSM errors 
demonstrated that clutter (i.e., distractors in close spa-
tial proximity to a target; Adamo et al., 2015) and motion 
in a search display (Stothart et al., 2019) increased SSM 
errors. While clutter around a single target did not affect 
target detection, clutter around a second target (after a 
first target was found) reduced second-target detection 
(Adamo et al., 2015). This finding suggests that when the 
attentional processing of a first target is coupled with the 
increased attention needed to process the second tar-
get in clutter, observers are more likely to miss a second 
target. Similarly, when the distracting effects of motion 
within a search display (i.e., all search items could move) 
was coupled with the attentional processing of a first tar-
get, observers were more likely to make an SSM error 
compared to when the search display was stationary (Sto-
thart et al., 2018).

Overall these findings suggest that when attention is 
allocated to first target processing, observers are more 
likely to miss a second target when: (1) attention has to be 
rapidly reallocated to process an additional target (i.e., an 
attentional blink), (2) more attention is needed to process 
a second target (e.g., when the second target is in a high 
clutter region), and (3) when less attention is available 
(i.e., when observers are less vigilant). These findings col-
lectively provide strong support for the Resource Deple-
tion theory. Unfortunately, there is currently no specific, 
theorized mechanism in the Resource Depletion theory 
that explains why cognitive resources are utilized after 
a first target is found and why there are fewer resources 
readily available to process a second target. Furthermore, 
there are no specific predictions made by the Resource 
Depletion theory to explain other sources of SSM errors 
such as those predicted by the Perceptual set theory 
(e.g., Biggs et al., 2015) and the Satisfaction theory (e.g., 
Adamo et al., 2018; Stothart & Brockmole, 2019). In the 
Future Directions section, we suggest a new SSM error 
theory that provides a mechanistic explanation for SSM 
errors and links the currently disparate SSM error find-
ings and theories together.

Eye movements and SSM errors
Converging evidence from radiology and cognitive sci-
ence eye-tracking studies offer insight into the current 
SSM theories. Previous work in radiology utilized eye-
tracking to categorize visual search misses into three 
distinct types of errors: sampling errors (also known as 
search errors), perceptual recognition errors, and deci-
sion-making errors (e.g., Nodine & Kundel, 1987). Below 
each type of error is presented and discussed in regards 
to SSM error theories.

1 This was the first paper that used the term “Subsequent Search Misses” 
instead of “Satisfaction of Search.” Since “Satisfaction of Search” implied that 
misses occurred because of “satisfaction,” and there was no conclusive evi-
dence for the “Satisfaction” theory at the time, the name was changed to avoid 
confusion. The acronym "SSM" also uses the same letters as the first letters of 
the authors’ first names (i.e., an SSM error "Easter Egg").
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Sampling errors
Sampling errors are categorized as a situation when a 
target is never fixated (e.g., Nodine & Kundel, 1987). 
They do not appear to be a significant contributor when 
the abnormality of interest (i.e., the abnormality where 
the SSM effect was measured) was missed in chest and 
abdominal images (e.g., Berbaum et al., 1996, 2001; Sam-
uel et  al., 1995). However, in simplified search displays, 
sampling errors contributed to around 50% of SSM errors 
(Cain et  al., 2013). While empirical evidence to explain 
this discrepancy is lacking, it may be attributed to differ-
ences in the search displays between the two fields and/
or the expertise of the searchers. For example, in radio-
logical images, radiologists know where an abnormality 
is more likely to appear, whereas in simplified search dis-
plays, the target locations are randomized and observers 
do not expect targets to appear in one spatial location of 
the display more so than another.

Sampling errors may speak to the Satisfaction account 
in that observers are less likely to fixate a second target 
if they terminate search quickly after finding a first tar-
get. While only a small proportion of SSM errors could 
be attributed to terminating search immediately after 
detecting a first target (Cain et al., 2013), sampling errors 
after detecting the first target have not been investigated. 
Sampling errors may also support the Resource Deple-
tion account because depletion of cognitive resources 
may cause observers to dismiss the area where the tar-
get is located. There is a diminished ability to take up 
information in peripheral vision when working mem-
ory resources are consumed by a found target (Chan & 
Courtney, 1995; Takeda, 2004). These findings suggest 
that once a target is found in a multiple-target search, 
there could be a narrowing of the perceptual span (i.e., 
area in which information can be encoded during a fixa-
tion). This could increase the likelihood of an SSM error 
due to reduced guidance towards an additional tar-
get, making it less likely to be fixated and subsequently 
detected. Sampling errors could also support the Percep-
tual set account—if two targets are dissimilar, then a sec-
ond target may not attract attention, and therefore, may 
not be fixated. It is unclear whether this actually occurs 
because target similarity has not been systematically 
manipulated in an SSM study while eye movements were 
tracked.

Perceptual recognition and decision making errors
According to Nodine and Kundel (1987), perceptual rec-
ognition errors are defined as situations in which a target 
is fixated but not for a duration long enough for recogni-
tion. In contrast, decision-making errors are described as 
a fixation/cluster of fixations that is long enough to iden-
tify a target but is rejected by the observer as a target. A 

radiologist may fixate a cancer but ultimately decide it is 
a benign lesion for a myriad of reasons.

Errors when an abnormality is fixated but not identi-
fied account for the majority of SSM errors in radiol-
ogy (e.g., Berbaum et al., 1996, 2000, 2001 Samuel et al., 
1995). For example, Samuel et al. (1995) found that while 
about 90% of missed targets were fixated, there was a 
20% increase in perceptual recognition errors in multi-
ple-target searches compared to single-target searches. 
Furthermore, SSM errors can be exclusively perceptual 
recognition and decision-making errors if the first target 
is of great clinical significance (e.g., a major fracture in a 
radiograph; Berbaum et al., 2001).

Importantly, the distinction between perceptual and 
decision-making errors is determined by a single dwell 
time cut-off (i.e., how long observers fixate a given 
area), and therefore may be incorrect, given that differ-
ent abnormalities require different dwell times  for rec-
ognition. In an attempt to dissociate between perceptual 
recognition or decision-making SSM errors, without 
a dwell time metric, Berbaum et  al. (2000) had radiolo-
gists verbally report their search techniques while read-
ing chest radiographs. Verbal reports allowed researchers 
to determine if radiologists were “consciously” decid-
ing whether an abnormality existed or not. With this 
method, the proportion of decision-making errors were 
reduced compared to a single dwell-time measure, sug-
gesting that SSM errors were more likely to result from 
perceptual recognition errors (i.e., fixated but not recog-
nized as an abnormality). Surprisingly, SSM errors were 
reduced with a verbal report, suggesting that radiologists 
may have been more deliberate and/or adopted a specific 
search strategy that they otherwise would not adopt in 
the non-verbal condition.

In cognitive science, around 50% of SSM errors could 
be attributed to perceptual recognition/decision-making 
errors in simplified search displays (observers fixated 
a second target but did not detect it; Cain et  al., 2013). 
This proportion is less than those reported in radiology 
and may be driven by the types of search images used. In 
radiological images, a target abnormality can be difficult 
to distinguish from normal anatomy, which is why radi-
ologists undergo intensive training to detect and assess 
abnormalities. In contrast, the search displays used in 
cognitive science SSM tasks typically have targets and 
distractors that are easily distinguishable (i.e., targets 
require very little training to identify and targets and dis-
tractors typically do not overlap). Therefore, when a tar-
get is fixated within a simplified display, it may be more 
likely recognized as a target compared to abnormalities 
in radiological images.

These types of errors broadly support the Resource 
Depletion account; a first target utilizes valuable 
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cognitive resources leaving fewer resources readily 
available to process an additional target. These types of 
errors do not support the Satisfaction theory given that 
observers still searched for additional targets and failed 
to recognize them. Perceptual recognition and decision-
making errors could support the Perceptual set theory in 
that observers would be more likely to recognize a per-
ceptually similar target after detecting the first target. 
However, it is unclear whether they support the Percep-
tual Set theory because target similarity has not been 
systematically manipulated while eye movements are 
monitored.

Intervention attempts to alleviate SSM errors
When SSM errors were first discovered, Tuddenham 
(1962) proposed to have radiologists search more system-
atically (e.g., going from left to right within the film) as 
opposed to freely searching the images to alleviate SSM 
Errors. He  also proposed that radiologists could use an 
automatic scanning device during training so that radi-
ologists learn how to systematically search. To determine 
whether systematic searching could  actually improve 
SSM errors, researchers had radiologists use either a 
checklist (Berbaum et al., 2006) or a vocalized checklist 
(Berbaum et al., 2016) when searching. While checklists 
can be beneficial in hybrid single-target searches, where 
observers search for categorically defined and specific 
targets (Nartker et  al., 2020), they did affect SSM error 
rates. These findings suggest that the possibility of mul-
tiple targets  within an image may affect the efficacy of 
checklists.

Radiologists have also tried using target detection 
tools, such as contrast-enhanced imaging (Franken et al., 
1994) and computer-aided detection (Berbaum et  al., 
2007) to reduce SSM errors. In comparison to plain film 
radiographs, contrast-enhanced images are created with 
intravenously injected dyes to better delineate areas with 
possible abnormalities. Unfortunately, contrast-enhanced 
images were found to actually increase SSM errors rela-
tive to plain-film radiographs (Franken, et  al., 1994). 
The authors speculated that more SSM errors occurred 
because attention was drawn to the high-contrast areas, 
leaving lower-contrast areas containing abnormali-
ties unexplored. Similar to contrast-enhanced imaging, 
the purpose of computer-aided detection (CAD) is to 
use computer algorithms to mark suspicious areas of an 
image. Unfortunately, researchers found no difference 
in SSM errors between CAD-marked images and plain 
radiographs (Berbaum et al., 2007; but see Schartz et al., 
2013). Although these findings are disappointing, they 
emphasize the importance of understanding the mecha-
nisms underlying SSM errors.

Limited research within cognitive science focuses on 
interventional strategies for SSM errors. The key finding 
from cognitive science is that SSM errors are reduced if 
a first target is removed after detection, whether at the 
moment of detection (Cain & Mitroff, 2013) or by repeat-
ing the display at a later time without the first target (Cain 
et  al., 2014). Beyond this research, more image-specific 
intervention research (e.g., blocking out or removing 
potential abnormalities from view after they have been 
marked as a potential point of interest) or observer-inter-
vention research (e.g., motivation or training) is needed 
to determine potential new ways that SSM errors might 
be mitigated.

SSM methods and calculations
Radiology
When the study of SSM errors resurfaced in the 1990s, 
Berbaum et  al. (1990) set the standard for how SSM 
errors should be investigated and calculated in radiol-
ogy. To determine if there was an SSM effect, research-
ers created identical images to compare performance 
for a specific target. One image would contain a native 
lesion (i.e., “test” target) while the other image would be 
identical except with the addition of a simulated pulmo-
nary nodule (i.e., an “added” target). Nodules were cho-
sen because they were one of the few abnormalities that 
could be simulated to look realistic in x-rays (and even-
tually in computed radiography) within chest images 
(Berbaum et  al., 2016; Samei et  al., 1997). Observers 
made binary decisions whether an abnormality was pre-
sent via a mouse click and reported confidence levels in 
their decision. Search performance for the “test” target 
was then compared between the two images using signal 
detection measures such as receiver operating character-
istic (ROC) curve analyses and measures such as A’ and d’ 
(see Berbaum et al., 2010a for a review). These measures 
allowed radiologists to take into account hit and false 
alarm rates when comparing single and multiple abnor-
mality images. An SSM effect was thought to be present 
if search performance was worse for the “test” target 
with the “added’’ target relative to when the “test” target 
was by itself. Importantly, except for the added nodule, 
these images were identical which helped to avoid any 
inadvertent confounds (e.g., more distracting clutter in a 
dual-abnormality image compared to a single-abnormal-
ity image). However, this design was not dependent upon 
the order of detection despite the proposed SSM theories 
assuming a temporal effect (i.e., how the detection of a 
first abnormality impacted a second abnormality’s detec-
tion) and many radiological studies used this same repro-
ducible approach when investigating the SSM effect (e.g., 
Berbaum et  al., 1991, 1994, 1996; Samuel et  al., 1995). 
Sometimes identical images were created with just the 
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“added” target so that an SSM effect could be assessed 
for the “added” target (e.g., Samuel et al., 1995) but rarely 
were non-identical images used for evaluation (Ashman 
et al., 2000).

SSM errors were eventually categorized for radiologi-
cal images as either Type I or Type II (Berbaum et  al., 
2015). Type I SSM errors were characterized as a change 
in the ROC curve driven by a decrease in hit rate, with no 
change in false alarms. Type II SSM errors were charac-
terized as a conservative change in the ROC curve driven 
by a decrease in hit rate with a reduction in false alarms 
(i.e., observers were overall more reluctant to report any 
abnormality was present). When SSM errors from early 
studies that used plain film chest radiographs (Berbaum 
et  al., 1990, 2000)  were reanalyzed, researchers found 
that  there were primarily Type 1 SSM errors. In con-
trast, later studies that used computed chest radiographs 
were more likely to result in Type II SSM errors (Ber-
baum et  al., 2015; Krupinski et  al., 2017). It is unclear 
why the shift from Type I to Type II occured, but it did 
not appear to be driven by a change in the time observ-
ers spend viewing radiological images (Krupinski et  al., 
2017).

Cognitive science
As the study of SSM errors transitioned to cognitive sci-
ence (e.g., Cain et al., 2011; Fleck et al., 2010), researchers 
began using simplified search displays and different anal-
yses to calculate SSM errors. The first SSM error study 
used randomized displays rather than identical ones for 
single- and multiple-target searches (Fleck et  al., 2010). 
Similar to radiology, subjects made binary decisions with 

mouse clicks but no confidence ratings were recorded, 
which precluded the calculation of ROC curves. Instead, 
the SSM effect was calculated using only target hit rates.

The most common cognitive science SSM paradigm 
utilized targets of different saliences—a low-salience 
target ‘T’ of a lighter gray color and a high-salience tar-
get ‘T’ of a darker gray color that could appear amongst 
predominantly low-salience distractor pseudo ‘L’s (see 
Fig. 1). The hit rate of the low-salience target on single-
target trials was compared to the hit rate for a low-sali-
ence target when it appeared with a high-salience target 
on dual-target trials. The earliest way of calculating SSM 
errors was to compare the hit rate for a low-salience tar-
get when a high-salience target was detected on dual-
target trials to the hit rate of a low-salience target on 
single-target trials. (Fleck et al., 2010; Cain et al., 2012).

The SSM calculation later changed to include the caveat 
that the high-salience target had to be detected first on 
the dual-target trials (e.g., Cain & Mitroff, 2013). The 
goal was to determine if the detection of a “first” high-
salience target subsequently impacted the detection of a 
“second” low-salience target (compared to when the low-
salience target appeared by itself ). Given that all SSM 
theories to date were predicated on the detection of one 
target impacting another, this change was implemented 
to quantify the “subsequent” aspect of SSM errors. Addi-
tionally, this allowed for a direct comparison to the atten-
tional blink literature, which is determined by how long/
how many distractors appear between a detected first tar-
get and a second target (Adamo et al., 2013). When sali-
ence was manipulated in the experiment (i.e., See Fig. 1), 
this change resulted in removing dual-target trials, where 

Fig. 1 Sample Single-target Display, Dual-target Display, and Hit Rate Graph for an SSM task: In a standard cognitive science SSM task, 
observers are asked to search in simplified-search displays for ‘T’ shaped targets (where the crossbars of the two perpendicular rectangles perfectly 
bisect one another) amongst pseudo ‘L’ shaped distractors (two perpendicular rectangles do not perfectly bisect one another). Search items 
are typically randomized for rotation (e.g., 0, 90, 180, or 270 from a canonical ‘T’ shape) and location within the search display. Search items may 
also vary in “salience” (e.g., a darker gray or light gray color amongst a white background), which allows researchers to compare the hit rate of a 
specific type of target (e.g., low-salience ‘T’) between single and dual-target displays to calculate the SSM effect. The graph above depicts a typical 
SSM effect with a lower hit rate for a low-salience ‘T’ when it appeared in a dual-target display compared to when a low-salience ‘T’ appeared in 
a single-target display. These hypothetical results suggest that the detection of the low-salience target ‘T’ was affected by the detection of the 
high-salience target ‘T’ compared to when it was by itself in a search display (e.g., Fleck et al., 2010)
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a low-salience target was detected first, from the SSM 
error analysis (e.g., Adamo et al., 2013; Cain et al., 2013).

While the comparison of single-target hit rate to 
"second"-target hit rates was largely adopted by SSM 
error researchers (Adamo et  al., 2015, 2017; Cheng & 
Rich, 2019; Gorbunova, 2017; Stothart & Brockmole, 
2019; Stothart et  al., 2018), it was soon discovered that 
this approach was inherently biased and could exaggerate 
the SSM effect (Adamo et al., 2019). Restricting the anal-
yses to the “second” target on dual-target trials (and fil-
tering out instances in which the low-salience target was 
detected first in cases where salience was manipulated), 
resulted in an inflated SSM effect. On dual-target trials, 
participants are more likely to find the “easier” of two tar-
gets first, resulting in an influence of “difficult-to-detect” 
target configurations composing the second-target hit 
rate measure. In the case of a salience manipulation, the 
easier trials in which the low-salience target was detected 
first were removed from the analysis. Therefore, when the 
second-target hit rate is compared to the single-target 
hit rate (which is composed of both “easy” and “difficult” 

configurations), the SSM effect was inflated.
Adamo et  al. (2019) proposed a methodological cor-

rection by using a matched set of “triplet” stimuli, where 
each dual-target trial is balanced by two matching single-
target trials. For these “matched” single-target trials, all 
search items were identical to those in the dual-target 
trial with one of the two targets replaced by a random 
distractor. This setup corresponds to the radiological 
methods originally suggested by Berbaum et  al. (1990) 
and attempts to correct the bias in the SSM error cal-
culation due to differences in target detection difficul-
ties. The calculation correction compared the hit rate for 
"second" targets (i.e., targets that were not found first) to 
the hit rate for the same targets in matched single-target 
displays. This is a subtle difference from the method pro-
posed by Berbaum et  al., (1990) in which “test” target 
performance was assessed irrespective of order effects. 
While this new method was shown to reduce the esti-
mated size of the SSM effect compared to previous meth-
ods, this more conservative approach did not eliminate 
the SSM effect.

More recently Becker et  al. (2020) argued the above 
approach is limited by its restrictive experimental design 
(i.e., that using matched displays can limit the number 
of dual-target trials within an experiment as there has to 
be two matched single-target trials). Furthermore, they 
hypothesized that stimulus matching is an imperfect cor-
rection for biases caused by differences in second-target 
detection difficulty and argued that biases could exist 
beyond those induced by stimulus display properties. In 
general, any comparison of hit rates between dual- and 
single-target trials conflates potentially distinct contribu-
tions from either the addition or detection, of a second 
target. They proposed an alternative approach that does 
not rely on comparing second-target hit rate to single-
target hit rate. Rather, they derived an unbiased expecta-
tion solely from dual-target trials to assess the probability 
of detecting a "test" target (i.e., the target you want to 
determine whether there is an SSM effect for) given that 
an "added" target (i.e., the target that can cause an SSM 
effect) is detected first. Specifically, they derived the 
equation:

The leftmost and middle parts of Eq.  1 describe how 
the observed conditional hit rate for the “test” target 
given that the “added” target was detected first (i.e., P(A 
| B 1st)) is calculated from the data (i.e., second-target hit 
rate for the “test” target). Instead of comparing this value 
to single-target hit rate, as was done in previous SSM 
error calculations (e.g., Cain & Mitroff, 2013; Fleck et al., 
2010), the rightmost part of Eq. 1 describes how the the-
oretically derived expected value (i.e., the value expected 
from the assumption that targets are detected indepen-
dently) is calculated from the data. Equations  1.1–1.3 
show how to calculate the terms from the right part of 

(1)
P(A|B 1st) :=

Dual trials w/B detected then A detected

Dual trials w/B detected then A detected+ dual trials w/only B detected

<

>

P(A)P(B)P(A 2nd|A,B)

P(A)P(B)P(A 2nd|A,B)+ P(B)(1− P(A))

(1.1)P(A) :=
Dual trials w/A detected

Dual trials

(1.2)P(B) :=
Dual trials w/B detected

Dual trials

(1.3)

P(A 2nd|A,B) :=
Dual trials w/B detected then A detected

Dual trials w/B detected and A detected
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Eq.  1. P(A) and P(B) are the hit rates for the “test” and 
“added” targets, respectively, on dual-target trials. Note, 
this requires two separate target classes  (e.g., high- and 
low-salience targets) so that one can be defined as “test” 
and the other as “added”. P(A 2nd | A, B) is the proportion 
of dual-target trials with both targets detected in which 
the “test” target was detected after the “added” target.2

After computing this for each observer, if the left-hand 
side of Eq. 1 is not significantly different from the right-
most part, it would fail to reject the null hypothesis sug-
gesting no SSM effect. If the left-hand side is significantly 
smaller than the right-hand side of the equation, then this 
difference would be the reported SSM effect. Alterna-
tively, if the left-hand side is significantly larger than the 
right-hand side, there would be an anti-SSM effect.

Becker et  al. (2020) demonstrated that by using this 
equation on the data reported in Adamo et  al. (2019) 
(which is based on the same displays and targets used in 
many prior SSM studies; e.g., Adamo et  al., 2013, 2017, 
2018; Cain & Mitroff, 2013), this approach results in a 
smaller, but still significant, SSM effect compared to both 
the non-matched and matched search display design/
data tested in Adamo et al. (2019) (see Becker et al., 2020 
and Table  2 below for examples of how the SSM effect 
sizes change with different calculation methods).

Future directions
Attentional template theory
The collection of research related to SSM errors has sug-
gested numerous explanations for why they occur. The 
three established theories (Satisfaction, Perceptual Set, 
and Resource Depletion) all received empirical sup-
port suggesting that there are temporal (e.g., Adamo 
et  al., 2018; Stothart & Brockmole, 2019), perceptual 
(e.g., Biggs et al., 2015; Mitroff et al. 2015) and cognitive 
resource aspects to SSM errors (e.g., Adamo et al., 2013; 
Cain & Mitroff, 2013). These theories are often consid-
ered distinct without a unifying mechanism linking their 
separate predictions together. Given this, the current 
state of the field lacks the explanatory power necessary 

Table 2 SSM Effect Calculated Four Different Ways from the Same Data Set

The data analyzed were used in Adamo et al. (2019) in a multiple-target search with high- and low-salience targets (see Fig. 1). A two-tailed, paired-samples t-test was 
used to analyze the data. Fleck et al. (2010) originally calculated SSM errors by comparing the hit rate for single-target trials of one target type (e.g., low-salience ‘T’) 
to the hit rate of the same type of target when a different type of target was found on dual-target trials (e.g., low-salience ‘T’ when a high-salience ‘T’ was detected; 
See Fig. 1 graph). Cain and Mitroff (2013) later restricted to instances in which the target of interest was not found first on dual-target trials (e.g., hit rate for a low-
salience ‘T’ when a high-salience ‘T’ was detected first). Adamo et al. (2019) then suggested changing the methods to be more in-line with radiological methods and 
use matching displays—displays where single- and dual-target trials were identical in target and distractor identity and location with the exception that one of the 
two targets were removed in the single-target trials (see Fig. 1 search displays). They suggested restricting the SSM calculation to only include matched single- and 
dual-target trials (e.g., filter the dual-target trials where the high-salience ‘T’ was found first and compare the hit rate for the “second” low-salience ’T’ to the hit rate on 
its matched single, low-salience display). Becker et al. (2020) recommended using only dual-target trials to calculate the expected hit rate for a specific target (e.g., 
low-salience ‘T’; See Eq. 1). This value is compared to the same type of target when a different type of target was found first on dual-target trials (e.g., hit rate for low-
salience targets on dual-target trials when a high-salience target was detected first)

References Different SSM error calculations on low-salience 
targets in Adamo et al. (2019) data

Results of t-test Trials that are filtered

Fleck et al. (2010) Single-low hit rate compared to low hit rate on 
dual-target trials where a high was detected first or 
second

t = 5.10
p < .001
Cohen’s d = 0.93

Single: None
Dual: Remove trials where high-salience target was not 

found

Cain et al. (2013) Single-low hit rate compared to low hit rate on dual-
target trials where a high was detected first

t = 8.95
p < .001
Cohen’s d = 1.63

Single: None
Dual: Remove trials where high-salience target was 

not found and trials where low-salience target was 
found first

Adamo et al. (2019) Matched single-low compared to low hit rate on dual-
target trials where a high was detected first

t = 8.22
p < .001
Cohen’s d = 1.50

Single: Remove trials that do not match the dual-target 
trials included in the analysis

Dual: Remove trials where high-salience target was 
not found and trials where low-salience target was 
found first

Becker et al. (2020) Expected hit rate calculated from dual-target trials 
compared to low hit rate on dual-target trials where 
a high was detected first

t = 5.21
p < .001
Cohen’s d = 0.95

Single: Remove all single-target trials
Dual: Keep all dual-target trials to calculate expected hit 

rate. Remove trials where high-salience target was 
not found and trials where low-salience target was 
found first to compare to expected hit rate

2 Jeremy Wolfe proposed a similar approach to calculating SSM errors based 
solely on detection probabilities of an "added" and "test" target in Biggs (2017; 
See Eq. 4). In this equation, the hit rate for an added and test target for single-
target trials are multiplied together and established as the baseline and com-
pared to the hit rate for the “test” target on dual-target trials (to determine 
whether there is an SSM effect). However, this method for calculating SSM 
errors cannot directly assess the impact that one target has on another like 
the equation in Becker et al. (2020) because it cannot differentiate whether the 
impact of a first target is due to “subsequence” (detecting a target second) or 
“mere” exposure (See “Appendix”).
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for a unified description of SSM errors. This hampers the 
ability to precisely determine when, where, and why SSM 
errors are likely to occur.

Based on these shortcomings we propose a new Atten-
tional Template theory (see Fig.  2), a novel mechanis-
tic explanation for SSM errors, which ties together our 
current understanding of SSM errors and the atten-
tional template literature. Our theory implements the 

attentional template as a mechanistic explanation for 
SSM errors so that future research can combine SSM 
error findings with ongoing visual search studies in cog-
nitive science.

The attentional template is defined by cognitive scien-
tists as an active representation of the search goal that 
can be held either within visual working memory (e.g., 
Gunseli et  al., 2014; Schmidt & Zelinsky, 2017), or long 

Fig. 2 A. Attentional Template Theory Tenets. The tenets of the Attentional Template theory were motivated by the SSM error literature and 
the broader visual working memory, attention, and visual search literature (see Tenets 1, 2, and 3 subsections below). B. Time Course of the 
Fluctuation of Working Memory and Attentional Resources. The battery illustration depicts the capacity limitations of visual working memory 
and attention. The double-sided arrows between the batteries illustrate the flow of a shared cognitive resource that underlies both visual working 
memory and attention, and that when one cognitive process is prioritized, the remaining cognitive process is hindered. After first target detection, 
visual working memory resources are prioritized to maintain the first target as an attentional template. Consequently, there are fewer attentional 
resources available, which will overall decrease the probability of additional target detection. Detection for similar targets after detecting a first 
target will be better compared to dissimilar targets because a first target attentional template will prime attention towards similar targets. Over time 
the first target may lose its prioritization as the attentional template, which will free up visual working memory resulting in improved and unbiased 
detection for similar and dissimilar targets



Page 12 of 19Adamo et al. Cogn. Research            (2021) 6:59 

term memory (e.g., Cunningham & Wolfe, 2014; Gold-
stein & Beck, 2018; Woodman et al., 2013), and attention 
is biased towards search items similar to the attentional 
template (e.g., Bravo & Farid, 2009; Vickery et al., 2005). 
To determine the impact that an attentional template 
has on search performance, observers are often asked to 
remember a target cue and then later search through a 
display where the target and/or distractors may be identi-
cal or similar to the cue. In general, search performance 
improves when a target matches or is more similar to 
the cue and is worse when a distractor matches the cue, 
suggesting that attention is guided by the cue’s features 
(e.g., Bravo & Farid, 2009; Greene et  al., 2015; Hout & 
Goldinger, 2015). However, search performance overall 
is worse when there are more visual working memory 
resources committed to maintaining an attentional tem-
plate (Carlisle et al., 2011; Schmidt et al., 2014). This find-
ing suggests that the cognitive resources (i.e.,  working 
memory and attentional resources) necessary for main-
taining an attentional template in visual working memory 
and detecting a target are shared3 and that maintaining 
the target in visual working memory leaves less of the 
limited capacity system to process the search display. 
Therefore, this suggests a search benefit if the attentional 
template is offloaded from visual working memory to 
long term memory.

The Attentional Template theory predicts that addi-
tional targets are more likely to be missed because rec-
ognizing the first target results in re-activation of the 
attentional template through visual working memory 
(Luria & Vogel, 2011), which create a cascade of neces-
sary target recognition processes that unfold over time 
(Luck et  al., 1996; Vogel et  al., 1998). The cognitive 
resources necessary for target recognition and establish-
ing an item as the attentional template seem to be the 
same (e.g., Luck & Kappenman, 2012, Snyder & Foxe, 
2010), and a target is processed within visual work-
ing memory before identification (e.g., Luria & Vogel, 
2011; Tsubomi et  al., 2013). Because of these findings, 
we hypothesize that detecting the first target results 
in that target becoming an attentional template that is 
maintained within visual working memory decreasing 
search performance for subsequent targets. This process 
results in SSM errors for subsequent targets because the 
newly formed attentional template is held active in visual 

working memory, which results in a search cost (e.g. Car-
lisle et al., 2011; Schmidt et al., 2014). This process taxes 
the cognitive resources required to recognize a new tar-
get as they are currently maintaining the first target an 
attentional template in visual working memory, which 
leads to an increased likelihood of missing a subsequent 
target. This is predicted because observers have a direct 
example of a possible target within view, which is auto-
matically primed and reactivated in visual working mem-
ory. Given that the attentional template prior to search 
may be offloaded and maintained in long term memory, 
and thus not represented in visual working memory (e.g., 
Cunningham & Wolfe, 2014), this reactivation results in 
a search cost for subsequent targets. Consequently, the 
strong maintenance of the first target as an attentional 
in visual working memory, and the resulting cascade of 
target recognition processes, can negatively affect search 
and result in SSM errors. With this theory, it allows us 
to both provide a cohesive explanation for current SSM 
theories and findings, as well as offer novel predictions 
for the SSM error phenomena.

The prediction that a detected target may act as an 
attentional template for subsequent targets is also a 
hypothesis to account for a related phenomenon known 
as “runs” (Kristjánsson et  al., 2014; Wolfe et  al., 2019). 
“Runs,” the tendency to detect the same type of target as 
a previously detected target, are found when observers 
search for multiple targets of different types in a “forag-
ing” visual search task. So rather than explaining why a 
target miss may occur, it explains why someone might 
detect several of the same types of targets in consecu-
tive order. The existence of “runs” was demonstrated in 
visual search paradigms when observers foraged and 
searched for targets of multiple types (Kristjánsson et al., 
2014; Wolfe et al., 2019). For example, Kristjánsson et al. 
(2014) found that observers would go on “runs” in a con-
junction-based search task (where targets could share 
both the same color and shape as the distractor). Col-
lectively these findings suggest that a detected target can 
act as an attentional template for subsequent targets. The 
Attentional Template theory takes this one step further 
and predicts that this is why SSM errors occur (i.e., SSM 
errors are the cost of maintaining the first target as an 
attentional template in visual working memory).

Tenet 1: a detected first target is prioritized as the attentional 
template resulting in a reduced SSM effect for similar vs. 
dissimilar second targets
This tenet of the Attentional Template theory can account 
for the perceptual, aspects of SSM errors observed within 
the SSM literature. In other words, it provides a mecha-
nistic explanation for the Perceptual Set theory—observ-
ers are biased to search for targets perceptually similar 

3 Many findings and theories suggest that visual working memory acts as 
internally orientated attention, similar to how the spatial focus of attention 
is allocated to external stimuli (e.g., Awh & Jonides, 2001; Drew et al., 2016; 
Kiyonaga & Egner, 2013). Recent neuroimaging evidence suggests that visual 
working memory and attention activate similar brain regions (e.g., Sheremata 
et al., 2018) and that when multiple objects appear on the screen, they com-
pete for attention and working memory resources (e.g., Desimone & Duncan, 
1995; Fiebelkorn et al., 2013).
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to the attentional template and, consequently, less biased 
to search for dissimilar targets (e.g., Hout & Goldinger, 
2015; Soto et al., 2005; Vickery et al., 2005). Because this 
finding is so consistent in the attentional template litera-
ture, it is the most straightforward, mechanistic expla-
nation for why there is an increase in SSM errors when 
second targets are dissimilar to a detected first target 
(e.g., Biggs et al., 2015).

The SSM research suggests that observers are more like 
to find a second target when all the features match for 
both targets (i.e., the targets are identical), when the tar-
gets match on at least one feature (e.g., the targets are the 
same color), or when the targets are from the same cat-
egory (e.g., the targets are guns in a carry-on bag; Biggs 
et  al., 2015). It is currently unclear whether SSM errors 
will reduce more when the number of matching features 
increases (e.g., will there be fewer SSM errors when tar-
gets are the same rotation and color compared to when 
they are only the same color but different in rotation). 
Likewise, will SSM errors reduce when a feature is not an 
exact match but is more similar. For example, is a second 
target is more likely to be detected when it is a 10° dif-
ference in rotation compared to a 30° difference in rota-
tion to a first target? Relatedly, if categorical similarity 
becomes more specific (e.g., animals vs. dogs vs. specific 
breeds of dogs), does second target detection improve?

Previous attentional template research suggests that 
when an attentional template and a target increase in 
similarity in a graded fashion across different feature 
dimensions (e.g., shape and orientation), search perfor-
mance improves (Alexander et  al., 2019; Bravo & Farid, 
2009; Vickery et  al., 2015). Search performance also 
improves when categorical specificity increases between 
an attentional template and a target (e.g., a boot vs. foot-
wear; Maxfield & Zelinsky, 2012; Schmidt & Zelinsky, 
2009). Based on these findings, the Attentional Template 
theory predicts that SSM errors will decrease as the simi-
larity between the first and second targets increases in a 
graded fashion.

Tenet 2: if more cognitive resources are allocated 
to maintaining the first target as an attentional template, 
there will be an increase in SSM errors
This tenet can account for the cognitive resource aspects 
of SSM errors because it predicts that maintaining the 
first target as an attentional template is the reason cogni-
tive resources are consumed by a first target (i.e., the pre-
diction of the Resource Depletion theory). As described 
above, an attentional template can reside in visual work-
ing memory, which necessitates the utilization of cogni-
tive resources to process the attentional template (e.g., 
Gunseli et al., 2014; Schmidt & Zelinsky, 2017) and pro-
duce the subsequent target recognition processes (Luck 

et al., 1996; Vogel et al., 1998). Consequently, maintain-
ing an attentional template within visual working mem-
ory (rather than a longer-term memory store) can result 
in reduced visual search performance (Carlisle et  al., 
2011; Schmidt et  al., 2014). A first target maintained as 
an attentional template in visual working memory could 
account for why SSM errors are attributed to an allo-
cation of cognitive resources to a first target and result 
in fewer cognitive resources available to process a sec-
ond target (e.g., Adamo et al., 2013, 2015, 2017; Cain & 
Mitroff, 2013; Stothart et al., 2017).

There is ample evidence within neuroscience to sup-
port the prediction that the allocation of cognitive 
resources4 to maintaining an attentional template can 
interfere with subsequent search performance. (1) Visual 
working memory and attention activate similar brain 
regions as measured by functional magnetic resonance 
imaging (e.g., Sheremata et al., 2018). (2) When there is 
reduced target-related visual working memory electro-
encephalogram (EEG) activity (i.e., lower contralateral 
delay activity; Vogel & Machizawa, 2004), subsequent 
search performance tends to improve (e.g., Carlisle et al., 
2011; Schmidt et al., 2014). (3) The neural markers used 
in EEG to track an attentional template and recognize a 
target in a search display are the same (i.e., contralateral 
delay activity, P300, and alpha suppression; e.g., Fukuda 
et al. 2015; Gunseli, et al., 2014; Luck et al., 1996; Schmidt 
& Zelinski, 2017; Snyder & Foxe, 2010; Woodman et al., 
2013).

Altogether, these findings suggest that the neural 
response to a first target can interfere with subsequent 
target detection (Luck et  al., 1996; Vogel et  al., 1998) 
and manipulations that utilize the same neural processes 
when recognizing an additional target should increase 
SSM errors. For example, the Attentional template theory 
would predict that a stronger contralateral delay activity 
and/or P300 response (neural markers both used to indi-
cate the magnitude of working memory and attentional 
resources allocated to an attentional template/target) to 
a first target will correlate with a decrease in second tar-
get detection. Another prediction would be a reduced/
absent P300 effect when observers fixate but miss a sec-
ond target (similar to what has been observed with the 
attentional blink; Kok, 2001; Vogel et  al., 1998). Finally, 
to assess how target similarity and cognitive resources 

4 Whereas the idea of “cognitive resources” is often used to explain behavioral 
data, (e.g., Adamo et  al., 2013), neural evidence suggests that a more physi-
ologically accurate way to conceptualize “resources” may be a neural process 
that unfolds over time. In other words, SSM errors may occur because the 
neural mechanisms utilized to process and maintain the first target as an 
attentional template in visual working memory are the same neural mecha-
nisms needed to detect a second target. Because the processing of the first tar-
get has not yet concluded, the second target is missed.
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are related (i.e., Tenets 1 and 2) the Attentional Tem-
plate theory would predict that a greater P300 magni-
tude/duration in response to a first target would result 
in a longer duration of improved similar target detection 
compared to dissimilar target detection.

Tenet 3: a detected first target can lose prioritization 
as the attentional template over time
Concerning the temporal aspects of SSM errors (i.e., 
the evidence for the Satisfaction theory), the Atten-
tional Template  theory predicts that observers will be 
less affected by a first target attentional template when 
more time is spent searching after first target detection. 
In other words, observers are initially biased to search 
for similar targets after a first target is found. However, as 
time passes, the first target may no longer be held as an 
attentional template in visual working memory because 
the target recognition process has completed, allowing 
for more efficient processing in search.

Evidence suggests that search performance may 
improve when an attentional template is transferred out 
of visual working memory to activated long term mem-
ory (e.g., Carlisle et  al., 2011; Goldstein & Beck, 2018; 
Schmidt et al., 2014; Woodman et al., 2013). This is due 
to visual working memory’s involvement in perceptual 
processing and visual search (e.g., Cunningham & Wolfe, 
2014; Drew & Vogel, 2008; Luria & Vogel, 2011; Tsubomi 
et al., 2013) and removal of the attentional template from 
visual working memory can allow for more efficient pro-
cessing of search items (e.g., Schmidt & Zelinsky, 2014).

If the attentional template is more likely to be removed 
from visual working memory overtime, this can explain 
why observers are less likely to make an SSM error when 
they search for longer after finding a first target (Adamo 
et al., 2018; Stothart & Brockmole, 2019).5 Furthermore, 
it can explain why there is an attentional blink-like pat-
tern in SSM errors (Adamo et al., 2013) and why there is 
a relationship between the width of an individuals’ atten-
tional  blink and the likelihood of making an SSM error 
(Adamo et  al., 2017). The maintenance of a first target 
as an attentional template initially interferes with search 
performance during the blink window and observers who 
maintain the first target for longer should be more sus-
ceptible to SSM errors.

While SSM errors overall have been shown to improve 
the longer observers search after finding a first tar-
get (Adamo et al., 2018; Stothart & Brockmole, 2019), a 
novel way to test this prediction is to investigate whether 

SSM rates for similar targets and dissimilar targets coa-
lesce the longer observers search (See Fig. 2B). If the first 
target is initially utilized as an attentional template, the 
Attentional Template theory would predict that observ-
ers will be biased to search for similar targets compared 
to dissimilar targets. However, as time passes, it would 
predict that dissimilar target detection would increase to 
the rate of similar target detection as fewer resources are 
allocated to preserving the first target as the attentional 
template.

Final thoughts on the attentional template theory and SSM 
errors
While the Attentional Template theory is largely untested, 
it offers the attentional template as an established mecha-
nism within the cognitive science literature that can be 
tested in future SSM research. It integrates SSM findings 
from the broader attention, visual working memory, and 
visual search literature. All previous SSM error theories 
were initially proposed within radiology (Berbaum et al., 
1990, 1991; Tuddenham, 1962) and did not account for 
more recent findings from research in cognitive science. 
Given that no prior SSM theory provided a mechanis-
tic explanation for SSM errors, hopefully, future SSM 
research can use the attentional template as a foundation 
to investigate SSM errors. For example, there is a rich lit-
erature in cognitive science investigating the attentional 
template within neuroscience (e.g., see Olivers et  al., 
2011; Vries et  al., 2017; Zelinsky & Bisley, 2015), which 
may now be applied to the SSM literature. Overall the 
predictions of the Attentional Template  theory should 
lead to a better theoretical understanding of SSM errors 
and offer many new avenues of research to determine 
why the detection of one target impacts another target.

Moving towards a standardized assessment of SSM errors
As described previously, there have been many differ-
ent methods and analyses proposed to study SSM errors 
across radiology and cognitive science (e.g., Adamo et al., 
2019; Becker et  al., 2020; Berbaum et  al., 1990; Cain 
& Mitroff, 2013; Stothart & Brockmole, 2019). While 
radiology has primarily used matched single- and dual-
abnormality images to determine the impact an “added” 
abnormality has on a “test” abnormality, it does not 
restrict the SSM error analyses to situations in which the 
“added” abnormality was detected first. Unfortunately, 
this style of analysis makes it difficult to assess the sig-
nificance of initial target detection upon the detection of 
subsequent targets, which all SSM theories are based on.

Cognitive science has largely restricted its SSM analy-
ses to second-target hit rate relative to single-target hit 
rate to determine the impact on successive target detec-
tion. While reliance on heuristically derived metrics has 

5 Another plausible explanation for why SSM errors improve over time may 
be simply because the longer observers spend searching, the more likely they 
are to find an additional target. Thank you to Todd Horowitz for pointing this 
possibility out to us.
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led to an overestimation of the magnitude of the SSM 
effect in certain cases (see Adamo et  al, 2019; Becker 
et  al., 2020), calculations have been developed to test 
current SSM theories. To calculate the unbiased esti-
mation of SSM effect sizes, researchers could use Eq.  1 
(Becker et  al., 2020) as it is theoretically well-founded. 
When applying this method, researchers should consider 
estimating the effect that detecting a "test" target has on 
the subsequent detection of an "added" target (i.e., P(B | 
A 1st)) to identify possible target identity interactions. 
However, this equation relies on using multiple target 
types (e.g. high- and low-salience targets or two different 
classes of targets), measuring binary decisions, and seek-
ing to evaluate against the null hypothesis that targets are 
detected independently.

Future cognitive science studies may also consider 
incorporating signal detection measures as radiologists 
have to account for false alarm rates and confidence rat-
ings in their SSM calculations. For example, if SSM errors 
are driven by observers searching more conservatively 
(i.e., a decrease in hit rate and false alarms), this should 
be accounted for in future SSM error calculations. This 
is especially important given that radiologists are con-
cerned with making a false alarm, as it can lead to an 
unnecessary biopsy and potential patient harm. Thus, 
non-hit rate measures should be compared to current 
SSM calculations in cognitive science and potentially 
incorporated as indicators of search performance if cog-
nitive studies are to be more applicable to radiologists. 
Ultimately, a more standardized calculation will greatly 
benefit our understanding of SSM errors across radiology 
and cognitive science.

Non-subsequent search misses?
While not explicitly discussed within the SSM litera-
ture, future work across radiology and cognitive science 
may also want to consider another way that a target may 
impact the detection of an additional target, which we 
deem the “mere presence effect”. These are potential situ-
ations when the “added” target in the display reduces the 
hit rate for the target of interest even if the “added” tar-
get is not detected first. Although “mere presence effect” 
errors are clearly different from SSM errors, they could 
contribute to some SSM metrics that do not appropri-
ately differentiate between these two important sources 
of error. Future research will need to appropriately iso-
late misses attributable to this “mere presence effect” 
from those attributable to the SSM effect alone (i.e., those 
identified using Eq. 1; see “Appendix” for further discus-
sion of a potential way to calculate the mere presence 
effect).

New avenues of SSM error research
The fields of radiology and cognitive science have inves-
tigated why, when, and where SSM errors occur, yet their 
research has largely been independent of one another. A 
great first step in advancing our understanding of SSM 
errors would be to have a cyclical approach to studying 
SSM errors between radiology and cognitive science. On 
one hand, radiology has focused on identifying the per-
vasiveness of the SSM errors across different radiological 
subfields (e.g., chest, skeletal, abdominal), theorizing the 
cause of SSM errors, and whether different target detec-
tion tools alleviate SSM errors (e.g., Berbaum et al., 1990; 
Samuel et al., 1995). On the other hand, research in cog-
nitive science has generally focused on testing the differ-
ent SSM error theories and theorizing how their findings 
will translate to real-world contexts (e.g., Adamo et  al., 
2018; Biggs et al., 2015; Cain & Mitroff, 2013; Stothart & 
Brockmole, 2019). Thus, there is a critical need to relate 
cognitive science findings to radiology and determine 
how the results observed within simplified-search dis-
plays with novice observers translates to medical images 
with radiologist as observers.

Concerning the temporal component of SSM errors, 
the time spent searching after finding the first target, a 
measure found to correlate with SSM errors in simplified 
search displays (Adamo et  al., 2018; Stothart & Brock-
mole, 2019), could be investigated to determine if radi-
ologists are less likely to make an SSM error when they 
search for longer after finding the first abnormality. For 
the perceptual aspect of SSM errors, researchers could 
investigate whether radiologists are more likely to miss 
one type of abnormality (e.g., a nodule within a chest 
image) when a different abnormality is detected first (e.g., 
a broken rib) compared to a similar abnormality (e.g., 
another nodule). For the resource aspect of SSM errors, 
radiologists could investigate the time frame of the atten-
tional blink (~ 200–500  ms) to determine if radiologists 
are more likely to miss a second-abnormality when it 
is fixated in that time window after a first abnormal-
ity or how other attentional taxing influences (e.g., clut-
ter) impacts SSM error rates, similar to how they are 
impacted within simplified search displays (e.g., Adamo 
et al., 2013, 2017).

Another factor that may be contributing to real-world 
SSM errors is the frequency rates of radiological abnor-
malities. While low target prevalence (i.e., observers rarely 
see any targets) has been demonstrated to increase SSM 
errors (Chen & Rich, 2019), it is unclear if low target fre-
quency (i.e., observers rarely see a specific target) affects 
SSM errors in the same way. It is important to determine 
whether SSM errors are mitigated by frequency given that 
abnormalities appear at different frequencies. For exam-
ple, the hit rate for incidental findings, (i.e., an abnormality 
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that the observer is not specifically searching for) can be 
impacted by target frequency. Wolfe et  al. (2017; Experi-
ment 2) demonstrated that  when observers are searching 
for specific and categorically defined targets, an inciden-
tal finding from a rare category of possible targets is more 
likely to be missed compared to an incidental finding from 
a common category of possible targets. Extrapolating these 
findings to SSM errors, if an observer is specifically look-
ing for and finds one type of abnormality (e.g., a spiculated 
mass in a mammogram), how will abnormality frequency 
impact the detection of an additional abnormality of a dif-
ferent category (e.g., a non-specific density)? When study-
ing SSM errors within chest radiographs, there can be 
upwards of 22 different types of native abnormalities used 
to test whether an added nodule affects the detection of the 
native abnormality (Berbaum et al., 2015; Krupinski et al., 
2017). Given that nodules are the most commonly occur-
ring type of abnormality in the images tested, if one type of 
abnormality is more frequent within a medical image (e.g., 
pneumonia) appears with the nodule, it may be more prone 
to SSM errors compared to less frequent abnormalities 
(e.g., lytic lesion of the right scapula).

Beyond learning the causes of and influences on SSM 
errors, research needs to use this information to bet-
ter develop ways of mitigating SSM errors. For example, 
motivation, training, and advances in imaging (i.e., mov-
ing from 2 to 3D search images) are ripe areas of research 
that need to be investigated to determine whether any 
of them can reduce/mitigate SSM errors. In regards to 
improvements in imaging technology, radiological fields 
such as breast cancer detection are moving from 2D 
mammography to 3D tomosynthesis. Mammography has 
been the tool of choice for quite some time when search-
ing for breast cancer (Gandomkar & Mello-Thoms, 2019), 
but radiologists can miss up to 30% of cancers with mam-
mography (Ekpo et al., 2018). To improve detection and 
reduce recalls, radiologists have turned to tomosynthesis. 
Tomosynthesis allows for a pseudo-3D search where the 
breast volume is divided into many 2D slices and allows 
radiologists to scroll through slices and search in-depth. 
Radiologists detect more cancers (Ciatto et al, 2013) and 
have fewer recalls with tomosynthesis compared to mam-
mography (Bernardi et al., 2012). However, it is unknown 
whether tomosynthesis/searching in 3D reduces SSM 
errors. This is a fruitful area of future research because 
these types of 3D searches may be applied to other fields 
of radiology or even other critical searches such as those 
conducted by baggage screeners.

Conclusions
Unlike other attentional phenomena (e.g., the atten-
tional blink; Broadbent & Broadbent, 1987) SSM errors 
were not discovered in a lab but were instead discovered 

because abnormalities were missed in radiological images 
(Smith, 1967; Tuddenham, 1962). Beyond radiology, SSM 
errors have been shown to occur in many different types 
of search images, including airport baggage screening 
simulations (e.g., Biggs et al., 2015; Mitroff et al., 2015), 
diagnostic medicine (Kuhn, 2002), cytology (Bowditch, 
1996), and driving simulations (Sall & Feng, 2019). 
Researchers aim to evaluate and quantify SSM errors in 
the laboratory to reduce the potential harm caused by 
professionals missing lifesaving targets in visual searches. 
Mechanistic explanations should be pursued and rigor-
ously tested as that may allow us to mitigate SSM errors 
in the future. While the methodologies and analyses used 
to estimate SSM errors have been evolving, convergence 
should encourage collaboration between the fields for the 
mutual benefit of preventing abnormalities/target misses. 
If research in both radiology and cognitive science can 
be combined with the common goal of mitigating search 
misses, then missed diagnoses can be reduced and lives 
potentially saved.

Hopefully, this review has demonstrated that SSM 
errors are not merely due to the long-held notion that 
observers become “satisfied” with the meaning of the 
image and prematurely terminate their search, as was 
originally predicted (Tuddenham, 1962). Rather, SSM 
errors occur because our minds maintain and attend to 
items in the visual world in specific ways, which have 
beneficial and detrimental consequences in visual search.

Appendix: Isolating the “mere presence effect”
While not explicitly discussed within the SSM litera-
ture the mere presence of an “added” target (regardless 
if it is detected) may contribute to missing a “test” tar-
get. For example, radiologists are known to determine 
with above-chance accuracy that an abnormality is pre-
sent when a medical image is flashed as quickly as 200 ms 
(e.g., Kundel & Nodine, 1975). This finding suggests that 
determining whether an abnormality is present may not 
necessarily occur at detection, but can be inferred from 
a global response that establishes content at the begin-
ning of the search. Furthermore, radiologist can detect an 
abnormality, but not recognize it as an abnormality (i.e., 
a decision making error; Nodine & Kundel, 1987), which 
may affect identification of future abnormalities.

As suggested in the main text, using Eq. 1 is appropri-
ate for calculating the SSM effect. However, the best way 
to isolate any potential mere presence effect remains to 
be determined as it has not yet been discussed within 
the SSM literature (as this was realized in the writing of 
this manuscript). One could consider testing for a “mere 
presence effect” by comparing overall “test” target (i.e., a 
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target potentially affected by the mere presence effect) hit 
rates on dual- to single-target trials using the equation:

This comparison could be used to identify a mere pres-
ence effect in the absence of an SSM effect. This distinc-
tion is addressing a slightly different question, rather than 
assessing how the detection of a target affects the detec-
tion of a second target, the "mere” presence calculation 
includes the effects of undetected targets as well. Impor-
tantly, the overall “test” target hit rate on dual-target tri-
als is made up of trials when the “test” target is detected 
either first or second. Thus, if there is an SSM effect, the 
overall “test” target hit rate could be lower on dual-target 
trials, even in the absence of a “mere presence effect” (i.e., 
the overall increase in misses could be fully explained 
by second-target misses). Thus, in addition to reporting 
comparisons of expected second-target detection prob-
abilities, as discussed previously, researchers could con-
sider comparisons based on the expected probability of 
detecting the “test” target first:

where each of the overall “test” and “added” hit rates on 
the right of Eq. 3 (i.e., P(A) and P(B), respectively) can be 
computed from single-target trials. P(B 2nd | A, B) is the 
proportion of dual-target trials with both targets detected 
in which the “added target” is detected second (Eq. 3.1). If 
the left-hand side of Eq. 3 is significantly different from 
(either less than or greater than) the right-hand side, then 
there may be a mere presence effect (either a suppression 
or a boost depending on the sign of the difference).

Acknowledgements
We would like to thank Stephen Mitroff, Mathew Cain, Claudia Mello-Thoms, 
and Ashley Phelps for their helpful feedback in the preparation of this 
manuscript.

Authors’ contributions
All authors have been involved in the writing of all parts of the manuscript. 
SA was primarily responsible for the Introduction, Current SSM error theories, 
Eye movements and SSM errors, Intervention attempts to alleviate SSM errors, and 
Future direction sections. SA and BG were primarily responsible for the SSM 
Error methods and calculations section and “Appendix”. All authors read and 
approved the final manuscript.

Funding
SA was supported by a Predoctoral and Postdoctoral Fellowship from the Ford 
Fellowship Foundation and a Postdoctoral Social, Behavioral, and Environ-
mental Fellowship (SPRF-BP # 1911776) from the National Science Founda-
tion, a Cross-Disciplinary Research Fund award from The George Washington 

(2)P(A) :=
Single trials w/A detected

Single trials w/A

<

>

Dual trials w/A detected

Dual trials w/A

(3)
P(A 1st) :=

Dual trials w/A detected 1st

Dual trials

<

>

P(A)(1− P(B))+ P(A)P(B)P(B 2nd|A,B)

(3.1)

P(B 2nd|A,B) :=
Dual trials w/A detected then B detected

Dual trials w/A detected and B detected

University’s Office of the Vice President of Research, and the University of 
Central Florida’s Preeminent Postdoctoral Program (P3) fellowship. JS was sup-
ported by a National Eye Institute grant of the National Eye Institute (Award 
Number R15EY029511). The content is solely the responsibility of the authors 
and does not necessarily represent the official views of the National Institutes 
of Health.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Cognitive Psychology, University of Central Florida, Orlando, 
USA. 2 Department of Neuroscience, University of Texas at Austin, Austin, USA. 
3 Department of Cognitive Neuroscience, The George Washington University, 
Washington, USA. 

Received: 18 November 2020   Accepted: 15 July 2021

References
Adamo, S. H., Cain, M. S., & Mitroff, S. R. (2013). Self-induced attentional blink: 

A cause of errors in multiple-target visual search. Psychological Science, 
24(12), 2569–2574.

Adamo, S. H., Cain, M. S., & Mitroff, S. R. (2015). Targets need their own personal 
space: The effects of clutter on multiple-target search accuracy. Percep-
tion, 44(10), 1203–1214.

Adamo, S. H., Cain, M. S., & Mitroff, S. R. (2017). An individual differences 
approach to multiple-target visual search errors: How search errors relate 
to different characteristics of attention. Vision Research, 141, 258–265.

Adamo, S. H., Cain, M. S., & Mitroff, S. R. (2018). Satisfaction at last: Evidence for 
the “satisfaction” account for multiple-target search errors. In Proceedings 
of the SPIE: Medical imaging, image perception, observer performance, and 
technology assessment, 105770A. https:// doi. org/ 10. 1117/ 12. 22936 92.

Adamo, S. H., Cox, P. H., Kravitz, D. J., & Mitroff, S. R. (2019). How to correctly put 
the “subsequent” in subsequent search misses. Attention, Perception, and 
Psychophysics, 81(8), 2648–2657.

Alexander, R. G., Nahvi, R. J., & Zelinsky, G. J. (2019). Specifying the precision 
of guiding features of visual search. Journal of Experimental Psychology 
Human Perception and Performance, 45(9), 1248–1264.

Anbari, M. M., & West, C. O. (1997). Cervical spine trauma radiography: Sources 
of false-negative diagnoses. Emergency Radiology, 4, 218–224.

Ashman, C. J., Yu, J. S., & Wolfman, D. (2000). Satisfaction of search in osteoradi-
ology. American Journal of Roentgenology, 175(2), 541–544.

Awh, E., & Jonides, J. (2001). Overlapping mechanisms of attention and spatial 
working memory. Trends in Cognitive Science, 5(3), 119–126.

Beck, M., Peterson, M. S., & Vomela, M. (2006). Memory for where, but not for 
what is used during visual search. Journal of Experimental Psychology: 
Human Perception and Performance, 32, 235–250.

Becker, M. W., Anderson, K., & Brascamp, J. W. (2020). A novel, unbiased 
approach to evaluating subsequent search misses in dual target visual 
search. Attention, Perception, and Psychophysics, 82, 3357–3373.

Berbaum, K. S., Brandser, E. A., Franken, E. A., Jr., Dorfman, D. D., Caldwell, R. T., & 
Krupinski, E. A. (2001). Gaze dwell times on acute trauma injuries missed 
because of satisfaction of search. Academic Radiology, 8, 304–314.

Berbaum, K. S., Caldwell, R. T., Schartz, K. M., Thompson, B. H., & Franken, E. 
A., Jr. (2007). Does computer-aided diagnosis for lung tumors change 

https://doi.org/10.1117/12.2293692


Page 18 of 19Adamo et al. Cogn. Research            (2021) 6:59 

satisfaction of search in chest radiography? Academic Radiology, 14(9), 
1069–1076.

Berbaum, K. S., El-Khoury, G. Y., Franken, E. A., Kuehn, D. M., Meis, D. M., Dorf-
man, D. D., Warnock, N. G., Thompson, B. H., Kao, S. C., & Kathol, M. H. 
(1994). Missed fractures resulting from satisfaction of search effect. 
Emergency Radiology, 1(5), 242–249.

Berbaum, K. S., Franken, E. A., Jr., Dorfman, D. D., Caldwell, R. T., & Krupinski, E. A. 
(2000). Role of faulty decision making in the satisfaction of search effect 
in chest radiography. Academic Radiology, 7, 1098–1106.

Berbaum, K. S., Franken, E. A., Jr., Dorfman, D. D., Miller, E. M., Caldwell, R. T., 
Kuehn, D. M., & Berbaum, M. L. (1998). Role of faulty visual search in the 
satisfaction of search effect in chest radiography. Academic Radiology, 
5(1), 9–19.

Berbaum, K. S., Franken, E. A., Jr., Dorfman, D. D., Miller, E. M., Krupinski, E. A., 
Kreinbring, K., Caldwell, R. T., & Lu, C. H. (1996). The cause of satisfaction of 
search effects in contrast studies of the abdomen. Academic Radiology, 3, 
815–826.

Berbaum, K. S., Franken, E. A., Jr., Rooholamini, S., Coffman, C. E., Cornell, S. H., 
Cragg, A. H., Galvin, J. R., Honda, H., Kao, S. C., Kimball, D. A., & Ryals, T. J. 
(1991). Time course of satisfaction of search. Investigative Radiology, 26, 
640–648.

Berbaum, K. S., Franken, E. A., Jr., Rooholamini, S. A., Dorfman, D. D., Kathol, M. 
H., Barloon, T. J., Behlke, F. M., Sato, Y., Lu, C. H., El-Khoury, G. Y., & Flickinger, 
F. W. (1990). Satisfaction of search in diagnostic radiology. Investigative 
Radiology, 25(2), 133–140.

Berbaum, K. S., Franken, E. A., Jr., Caldwell, R. T., & Schartz, K. M. (2010a). Satisfac-
tion of search in traditional radiographic imaging. In E. Samei & E. A. 
Krupinski (Eds.), The handbook of medical image perception and techniques 
(pp. 107–138). Cambridge University Press.

Berbaum, K. S., Franken, E. A., Jr., Caldwell, R. T., & Schartz, K. M. (2010b). Can a 
checklist reduce SOS errors in chest radiographs? Academic Radiology, 
13(3), 296–304.

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., Jr (2015). 
Satisfaction of search in chest radiography 2015. Academic Radiology, 
22(11), 1457–1465.

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., Jr. (2016). The 
influence of a vocalized checklist on detection of multiple abnormalities 
in chest radiography. Academic Radiology, 23(4), 413–420.

Bernardi, D., Ciatto, S., Pellegrini, M., Tuttobene, P., Valentini, M., Di Michele, S., 
Peterlongo, P., & Houssami, N. (2012). Prospective study of breast tomos-
ynthesis as a triage to assessment in screening. Breast Cancer Research 
and Treatment, 133, 267–271.

Biggs, A. T., Adamo, S. H., Dowd, E. W., & Mitroff, S. R. (2015). Examining percep-
tual and conceptual set biases in multiple-target visual search. Attention, 
Perception, and Psychophysics, 77, 844–855.

Bowditch, R. (1996). Patterns found in false negative cervical cytology. Cytolet-
ter, 3, 22–25.

Bravo, M. J., & Farid, H. (2009). The specificity of the search template. Journal of 
Vision, 9(1), 34.

Broadbent, D., & Broadbent, M. (1987). From detection to identification: 
Response to multiple targets in rapid serial visual presentation. Perception 
and Psychophysics, 42, 105–113.

Cain, M. S., Adamo, S. H., & Mitroff, S. R. (2013). A taxonomy of multiple-target 
search errors. Visual Cognition, 21(7), 899–921.

Cain, M. S., Biggs, A. T., Darling, E. F., & Mitroff, S. R. (2014). A little bit of history 
repeating: Splitting up multiple-target visual searches decreases second-
target miss errors. Journal of Experimental Psychology: Applied, 20(2), 
112–125.

Cain, M. S., Dunsmoor, J. E., LaBar, K. S., & Mitroff, S. R. (2011). Anticipatory anxi-
ety hinders detection of a second target in dual-target search. Psychologi-
cal Science, 22, 866–871.

Cain, M. S., & Mitroff, S. R. (2013). Memory for found targets interferes with sub-
sequent performance in multiple-target visual search. Journal of Experi-
mental Psychology: Human Perception and Performance, 38(5), 1398–1408.

Candomkar, Z., & Mello-Thoms, C. (2019). Visual search in breast imaging. Brit-
ish Journal of Radiology, 92, 20190057.

Carlisle, N. B., Arita, J. T., Pardo, D., & Woodman, G. F. (2011). Attentional 
templates in visual working memory. The Journal of Neuroscience, 31(25), 
9315–9322.

Chan, H. S., & Courtney, A. J. (1995). Visual performance on detection tasks with 
two targets. International Journal of Human Factors in Manufacturing, 5(4), 
417–428.

Chen, P. X., & Rich, A. N. (2019). More is better: Relative prevalence of multiple 
targets affects search accuracy. Journal of Vision, 18(4), 1–14.

Chun, M. M., & Potter, M. C. (1995). A two-stage model for multiple target 
detection in rapid serial visual presentation. Journal of Experimental 
Psychology: Human Perception and Performance, 21, 109–127.

Ciatto, S., Houssami, N., Bernardi, D., Caumo, F., Pellegrini, M., Brunelli, S., 
Tuttobene, P., Bricolo, P., Fantò, C., Valentini, M., & Montemezzi, S. (2013). 
Integration of 3D digital mammography with tomosynthesis for popula-
tion breast-cancer screening (STORM): A prospective comparison study. 
The Lancet Oncology, 14(8), 583–589.

Cunningham, C. A., & Wolfe, J. M. (2014). The role of object categories in hybrid 
visual and memory search. Journal of Experimental Psychology: General, 
143(4), 1585–1599.

de Vries, I. E. J., van Driel, J., & Olivers, C. N. L. (2017). Posterior a EEG dynamics 
dissociate current from future goals in working memory-guided visual 
search. Journal of Neuroscience, 37(6), 1591–1603.

Desimone, R., & Duncan, J. (1995). Neural mechanism of selective visual atten-
tion. Annual Review of Neuroscience, 18, 193–222.

Drew, T., Boettcher, S. E. P., & Wolfe, J. M. (2016). Searching while loaded: Visual 
working memory does not interfere with hybrid search efficiency but 
hybrid search uses working memory capacity. Psychonomic Bulletin and 
Review, 23(1), 201–212.

Drew, T., & Vogel, E. K. (2008). Neural measures of individual differences in 
selecting and tracking multiple moving objects. Journal of Neuroscience, 
28(16), 4183–4191.

Duncan, J., & Humphreys, G. W. (1989). Visual search and stimulus similarity. 
Psychological Review, 96(3), 433–458.

Eckstein, M. P. (2011). Visual search: A retrospective. Journal of Vision, 11(5), 
1–36.

Ekpo, E. U., Alakhras, M., & Brennan, P. (2018). Errors in mammography cannot 
be solved through technology alone. Asian Journal of Cancer Prevention, 
19(2), 291–301.

Fiebelkorn, I. C., Saalmann, Y. B., & Kastner, S. (2013). Rhythmic sampling within 
and between objects despite sustained attention at a cued location. Cur-
rent Biology, 23(24), 2553–2558.

Fleck, M. S., Samei, E., & Mitroff, S. R. (2010). Generalized “satisfaction of search”: 
Adverse influences on dual-target search accuracy. Journal of Experimen-
tal Psychology: Applied, 16(1), 60–71.

Franken, E. A., Jr., Berbaum, K. S., Lu, C. H., Kannam, S., Dorfman, D. D., Warnock, 
N. G., Simonson, T. M., & Pelsang, R. E. (1994). Satisfaction of search in 
the detection of plain-film abnormalities in abdominal contrast studies. 
Investigative Radiology, 29(4), 403–409.

Goldstein, R. R., & Beck, M. R. (2018). Visual search with varying versus consist-
ent attentional templates: Effects on target template establishment, 
comparison, and guidance. Journal of Experimental Psychology, 44(7), 
1086–1102.

Gorbunova, E. S. (2017). Perceptual similarity in visual search for multiple 
targets. Acta Psychological, 173, 46–54.

Greene, C. M., Kennedy, K., & Soto, D. (2015). Dynamic states in working 
memory modulate guidance of visual attention: Evidence from an n-back 
paradigm. Visual Cognition, 23(5), 546–560.

Gunseli, E., Olivers, C. N. L., & Meeter, M. (2014). Effects of search difficulty 
on the selection, maintenance, and learning of attentional templates. 
Journal of Cognitive Neuroscience, 26(9), 2042–2054.

Hollingworth, A., Williams, C. C., & Henderson, J. M. (2001). To see and remem-
ber: Visually specific information is retained in memory from previously 
attended objects in natural scenes. Psychonomic Bulletin and Review, 8(4), 
761–768.

Hout, M. C., & Goldinger, S. D. (2015). Target templates: The precision of mental 
representations affects attentional guidance and decision-making in 
visual search. Attention, Perception and Psychophysics, 77(1), 128–149.

Kiyonaga, A., & Egner, T. (2013). Working memory as internal attention: Toward 
an integrative account of internal and external selection processes. 
Psychonomic Bulletin and Review, 20(2), 228–242.

Körner, C., & Gilchrist, I. D. (2008). Memory processes in multiple-target visual 
search. Psychological Research Psychologische Forschung, 72(1), 99–105.

Kristjánsson, Á., Jóhannesson, Ó. I., & Thornton, I. M. (2014). Common atten-
tional constraints in visual foraging. PLoS ONE, 9(6), 1–9.



Page 19 of 19Adamo et al. Cogn. Research            (2021) 6:59  

Krupinski, E. A., Berbaum, K. S., Schartz, K. M., Caldwell, R. T., & Madsen, M. T. 
(2017). The impact of fatigue on satisfaction of search in chest radiogra-
phy. Academic Radiology, 24(9), 1058–1063.

Kuhn, G. J. (2002). Diagnostic errors. Academic Emergency Medicine, 9, 740–750.
Luria, R., & Vogel, E. K. (2011). Shape and color conjunction stimuli are repre-

sented as bound objects in visual working memory. Neuropsychologica, 
49(6), 1632–1639.

Maxfield, J. T., & Zelinsky, G. J. (2012). Searching through the hierarchy: How 
level of target categorization affects visual search. Visual Cognition, 20(10), 
1153–1163.

Mitroff, S. R., & Biggs, A. T. (2014). The ultra-rare-item effect: Visual search for 
exceedingly rare items is highly susceptible to error. Psychological Science, 
25(1), 284–289.

Mitroff, S. R., Biggs, A. T., Adamo, S. H., Dowd, E. W., Winkle, J., & Clark, K. (2015). 
What can 1 billion trials tell us about visual search? Journal of Experimen-
tal Psychology: Human Perception and Performance, 41(1), 1–5.

Nakayama, K., & Martini, P. (2011). Situating visual search. Vision Research, 
51(13), 1526–1537.

Nodine, C. F., & Kundel, H. L. (1987). Using eye movements to study visual 
search and to improve tumor detection. Radiograpahics, 7(6), 1241–1250.

Olivers, C. N. L., Peters, J., Houtkamp, R., & Roelfsema, P. R. (2011). Different 
states in visual working memory: When it guides attention and when it 
does not. Trends in Cognitive Sciences, 15(7), 327–334.

Peterson, M. S., Kramer, A. F., Wang, R. F., Irwin, D. E., & McCarley, J. S. (2001). 
Visual search has memory. Psychological Science, 12(4), 287–292.

Raymond, J. E., Shapiro, K. L., & Arnell, K. M. (1992). Temporary suppression of 
visual processing in an RSVP task: An attentional blink? Journal of Experi-
mental Psychology: Human Perception and Performance, 18, 849–860.

Rosenholtz, R., Li, Y., & Nakano, L. (2007). Measuring visual clutter. Journal of 
Vision, 7(2), 1–22.

Sall, R. J., & Feng, J. (2019). Dual-target hazard perception: Could identifying 
one hazard hinder a driver’s capacity to find a second? Accident Analysis 
and Prevention, 131, 213–224.

Samei, E., Flynn, M. J., & Eyler, W. R. (1997). Simulation of subtle lung nodules in 
projection chest radiography. Radiology, 202, 117–124.

Samuel, S., Kundel, H. L., Nodine, C. F., & Toto, L. C. (1995). Mechanism of 
satisfaction of search: Eye position recordings in the reading of chest 
radiographs. Radiology, 194(3), 895–902.

Schartz, K. M., Berbaum, K. S., Madsen, M. T., Thomson, B. H., Mullan, B. F., Cald-
well, R. T., Hammett, B., Ellingson, A. N., & Franken, E. A., Jr. (2013). Multiple 
diagnostic task performance in CT examination of chest. British Journal of 
Radiology, 86, 1–11.

Schmidt, J., MacNamara, A., Proudfit, G. H., & Zelinsky, G. J. (2014). More target 
features in visual working memory leads to poorer search guidance: 
Evidence from contralateral delay activity. Journal of Vision, 14(3), 8.

Schmidt, J., & Zelinsky, G. J. (2017). Adding details to an attentional template 
offsets search difficulty: Evidence from contralateral delay activity. Journal 
of Experimental Psychology: Human Perception and Performance, 43(3), 
429–437.

Sheremata, S. L., Somers, D. C., & Shomstein, S. (2018). Visual short-term 
memory activity in parietal lobe reflects cognitive processes beyond 
attentional selection. Journal of Neuroscience, 38(6), 1511–1519.

Smith, M. J. (1967). Error and variation in diagnostic radiology. Charles C Thomas.
Snyder, A. C., & Foxe, J. L. (2010). Anticipatory attentional suppression of 

visual features indexed by oscillatory alpha-band power increases: A 

high-density electrical mapping study. Journal of Neuroscience, 30(11), 
4024–4032.

Soto, D., Heinke, D., Humphreys, G. W., & Blanco, M. J. (2005). Early, involuntary 
top-down guidance of attention from working memory. Journal of Experi-
mental Psychology: Human Perception and Performance, 31(2), 248–261.

Stothart, C., & Brockmole, J. R. (2019). “Satisfaction” in search: Individuals’ own 
search expectations predict their errors in multiple-target search. Atten-
tion, Perception, and Psychophysics, 81, 2659–2665.

Stothart, C., Clement, A., & Brockmole, J. R. (2018). Satisfaction in motion: 
Subsequent search misses are more likely in moving search displays. 
Psychonomic Bulletin and Review, 25(1), 409–415.

Takeda, Y. (2004). Search for multiple targets: Evidence for memory-based 
control of attention. Psychonomic Bulletin and Review, 11(1), 71–76.

Treisman, A. (1991). Search, similarity, and integration between and within 
dimensions. Journal of Experimental Psychology: Human Perception and 
Performance, 17, 652–676.

Tsubomi, H., Fukuda, K., Watanabe, K., & Vogel, E. K. (2013). Neural limits to 
representing objects still within view. The Journal of Neuroscience, 33(19), 
8257–8263.

Tuddenham, W. J. (1962). Visual search, image organization, and reader error in 
roentgen diagnosis. Radiology, 78, 694–704.

Vickery, T. J., King, L., & Jiang, Y. (2005). Setting up the target template in visual 
search. Journal of Vision, 5, 81–92.

Vogel, E. K., Luck, S. J., & Shapiro, K. L. (1998). Electrophysiological evidence 
for a postperceptual locus of suppression during the attentional blink. 
Journal of Experimental Psychology: Human Perception and Performance, 
24(6), 1656–1674.

Vogel, E. K., & Machizawa, M. G. (2004). Neural activity predicts individual differ-
ences in visual working memory capacity. Nature, 428, 748–751.

Wolfe, J. M. (1994). Guided search 2.0 a revised model of visual search. Psycho-
nomic Bulletin and Review, 1(2), 202–238.

Wolfe, J. M., Cain, M. S., & Aizenman, A. M. (2019). Guidance and selection 
history in hybrid foraging visual search. Attention, Perception, and Psycho-
physics, 81(3), 637–653.

Wolfe, J. M., Horowitz, T. S., Van Wert, M. J., & Kenner, N. M. (1997). Low target 
prevalence is a stubborn source of errors in visual search tasks. Journal of 
Experimental Psychology: General, 136(4), 623–638.

Wolfe, J. M., Soce, A. A., & Schill, H. M. (2017). How did I miss that? Developing 
mixed hybrid visual search as a ‘model system’ for incidental findings 
errors in radiology. Cognitive Research: Principles and Implications, 2(1), 
1–10.

Woodman, G. F., Carlisle, N. B., & Reinhart, R. M. G. (2013). Where do we store 
the memory representations that guide attention? Journal of Vision, 13(3), 
1.

Woodman, G. F., & Chun, M. M. (2006). The role of working memory and long-
term memory in visual search. Visual Cognition, 14(4–8), 808–830.

Zelinsky, G. J., & Bisley, J. W. (2015). The what, where, and why of priority maps 
and their interactions with visual working memory. Annual New York 
Academy of Sciences, 1339(1), 154–164.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	From “satisfaction of search” to “subsequent search misses”: a review of multiple-target search errors across radiology and cognitive science
	Abstract 
	Introduction
	Current SSM error theories
	Satisfaction theory
	Perceptual set theory
	Resource depletion theory

	Eye movements and SSM errors
	Sampling errors
	Perceptual recognition and decision making errors

	Intervention attempts to alleviate SSM errors
	SSM methods and calculations
	Radiology
	Cognitive science

	Future directions
	Attentional template theory
	Tenet 1: a detected first target is prioritized as the attentional template resulting in a reduced SSM effect for similar vs. dissimilar second targets
	Tenet 2: if more cognitive resources are allocated to maintaining the first target as an attentional template, there will be an increase in SSM errors
	Tenet 3: a detected first target can lose prioritization as the attentional template over time
	Final thoughts on the attentional template theory and SSM errors

	Moving towards a standardized assessment of SSM errors
	Non-subsequent search misses?
	New avenues of SSM error research

	Conclusions
	Acknowledgements
	References


