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When we announced a special issue of Attention
Perception and Psychophysics to mark the 40th anniversa-
ry of Feature Integration Theory (A. Treisman & Gelade,
1980), we might have been getting a bit ahead of our-
selves. It was 2018 and Treisman’s seminal paper had
come out in 1980. In the end, our timing was perfect.
Here it is, 2020, and here we offer up the second part of
“40 Years of Feature Integration: Special Issue in Memory
of Anne Treisman”. The choice to put a paper in the first
or second issue was driven by acceptance date, rather
than, for example, topic. Thus, many topics appear in both
issues. Within this second issue, papers are organized
(perhaps, imperfectly) by topic. This gives me the chance
to highlight four topics that were of importance to Anne
Treisman during her career and that remain important, as
evidenced by the interesting papers they have generated
here. Those topics are:

1. Feature search
2. Binding of Features
3. The Mechanics of Search
4. Ensemble statistics and non-selective processing

This introduction provides the opportunity to say a word
about each paper but also to draw some connections between
papers and to say a few words about the enduring interest in
each of these topics.The first citation of each of the articles in
the special issue is marked with an asterisk.

Feature search

One of the pillars of Treisman’s Feature Integration Theory
(FIT) was the idea that a limited set of basic features were
processed in parallel, across the visual field or, at least, across
large swathes of the field in a single step. The classic evidence
for this was that the slopes of RT x set size functions were near
zero for simple feature searches. Earlier models (including
versions of my Guided Search model (Wolfe, 1994; Wolfe,
Cave, & Franzel, 1989) tended to treat this feature processing
step as essentially instantaneous and undifferentiated across
tasks. That can’t be right. An intuitive appreciation of this fact
can be obtained from Fig. 1.

In each panel, the search for a yellow ring is quite trivial.
However, it should be clear that A will be a bit faster than B
and B, in turn, will be a bit faster than C. In A, the target differs
from the distractor items by color, shape/topology (Chen,
2005), and size. In B, only the shape is different. In C, the
addition of blue distractors will slow search, even though the
added stimuli are less similar to the target (J. Duncan &
Humphreys, 1989).

How should we understand this? Even a simple perceptual
decision (e.g. red vs green) is likely to be the product of some
information accumulation process that can be modeled as
something like a diffusion process (Purcell et al., 2010).
That process might be very fast, but it will take some amount
of time. Moreover, bigger set sizes will require more diffusers.
Each of those might make an error if made its decision too
fast, so decision thresholds should be a bit more conservative
for bigger set sizes. This means that bigger set sizes should
produce slower results (Leite & Ratcliff, 2010). In practice,
RT x set size functions for feature searches do have slopes
near zero msec/item, but, as a general rule, those slopes are
not actually zero. Over the past few years, Alejandro Lleras
and his lab have provided some of the most interesting data
and theorizing about this issue. They found that RTs in simple
feature searches increase in a reliably logarithmic manner with
set size (Buetti, Cronin, Madison,Wang, & Lleras, 2016). In a
series of papers, they have sought to explain feature searches
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in more complex collections of items (like Fig 1c). In the
current issue, Lleras et al. (2020)* offer up their “Target
Contrast Signal Theory” that stresses the role of comparison
between a target template and each item in a search display.
This can be seen as related to work from other labs, in other
contexts, that also stresses the importance of the contrast be-
tween items over the absolute value of items (S. I. Becker,
Harris, York, & Choi, 2017; Yu & Geng, 2019).

Glavan, Haggit, and Houpt (2020)* bring a different
methodology to understanding the processing of the most
basic of basic features (in this case color and shape). Like
Lleras et al., Glavan et al. note that the simple metric of
near zero slopes in visual search experiments is not defin-
itive proof that a feature is processed in parallel over
multiple items at the same time. Their work employs
Townsend and Nozawa’s “System Factorial Technology”
(James T. Townsend & Nozawa, 1995). System Factorial
Technology is Townsend’s response to the difficulty in
making claims about serial and parallel processing (J.T.
Townsend, 1971; J. T. Townsend, 2016). It is intended to
provide a more rigorous way to discriminate between se-
rial and parallel processes. Here, Glavan et al. have ap-
plied that SFT technology to the question of whether col-
or and shape are processed in parallel at the same time.
They conclude that SFT supports the parallel processing
of more than one feature at a time. This is a relief since
many models rely on that assumption.

A core aspect of Treisman’s FIT is the idea that preattentive
features are, well, preattentive. Those featural properties can
be extracted and used prior to the time that the item with that
feature is selected for further processing. The paper by
Bergmann, Tünnermann, and Schubö (2019)* can be seen
as supporting that idea. Their observers were looking for a
target of a specific shape. Nevertheless, the distribution of
color in the display influenced the course of the search. In
their task, Os looked for any diamond among circles. Two
diamonds were present, in two different colors. The Os only
needed to find one. The ratio of the colors changed over time
and Os responded by favoring the smaller color subset,

showing that their behavior was shaped by a feature that they
had not been instructed to attend to.

Can a basic, preattentive feature be built from other basic
features? If you look at Fig.2, you will see four rectangles in a
sea of smaller semi-circles. Two of these rectangles are de-
fined by luminance edges. The other two are “subjective con-
tours”, induced by the alignment of some of the semi-circles.
Are those rectangles as real as the luminance-defined rectan-
gles? Are they treated equivalently by later visual processes?
In terms of visual search, Li, Cave, and Wolfe (2008) pro-
duced a somewhat mixed result, with some types of subjective
contours producing easier search than others.

In this issue, Trick (Trick & Hardy, 2019)* extends this
question to enumeration tasks as well as replicating the Li
et al. (2008) search results. In her search tasks, performance
depends on the task and on the specific nature of the subjective
contours. The simple presence of a subjective contour may be
preattentively available while the orientation of that contour
may be less effective in guiding search.

Zupan and Watson (2019)* also follow up on Li et al.
(2008). In their work, they are asking how subjects contours,
of the sort illustrated in Fig. 2 function in a Watson and

Fig. 2 Rectangles defined by luminance and by subjective contours. Can
observers search for a subjective rectangle as effectively as they search for
a luminance-defined rectangle?

Fig. 1 Three “pop-out” searches. These are all easy, but they don’t seem to be equally easy.
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Humphreys-style preview experiment (Watson &
Humphreys, 1997). In those experiments, an initial glimpse
of half of the stimuli from a search display tells the observer
about objects/locations that they can ignore in the full display.
Zupan and Watson find that subjective contours can be used
for this purpose but they seem subjected to more stringent
capacity limitations than other display elements defined by
color or luminance borders. That is, it is easier to ignore eight
previewed red rectangles than it is to ignore eight previewed
subjective rectangles.

When we talk about parallel processing of preattentive fea-
tures like color, shape, or orientation, we tend to speak of
analysis of those features across the entire visual field in a
single processing step. Of course, we know that acuity and
crowding effects will limit processing in the periphery
(Rosenholtz, 2020; Westheimer, 1982) but if we control for
those factors by using appropriately scaled stimuli (Levi,
Klein, & Aitsebaomo, 1985), the usual assumption is that a
“pop-out” target would pop-out anywhere. Casteau and Smith
(2019)* show that this is not quite true. Your visual field
extends more than 90 deg to the left and right of straight
ahead. However, you cannot make a saccadic eye movement
to the edge of the field. You have an “effective oculomotor
range” (EOMR), which is the range locations that can be
reached with a “saccadic eye movement that does not also
require a head movement” (Casteau & Smith, 2019). It turns
out that you pay a reaction time (RT) cost if you are
responding to a feature singleton outside the EOMR.
Interestingly, you do not pay a cost if you are responding to
a conjunction of these features. Conjunction tasks are slower
overall but they do not show a specific penalty for crossing the
EOMR. Overall, the message from the feature search papers in
this special issue is that even the simplest feature searches are
not as simple as we may have thought. If we just assume that a
feature is processed more or less instantly across the visual
field, regardless of what else is in that field, we will be ignor-
ing important aspects of preattentive visual processing.

Binding of Features

The “integration” aspect of Treisman’s Feature Integration
Theory has to do with the combination of basic features. If
one piece of the visual system was processing color and an-
other was processing shape, how did those two bits of infor-
mation get together to give rise to the accurate perception of a
colored shape? Figure 3 is an example of one of Treisman’s
favorite ways of illustrating this question.

After a quick look at Fig. 3, you can answer many ques-
tions successfully. Is there a ceramic pig? (Yes) Is there an
apple? (No). You can accurately list most if not all of the
colors and shapes. Without looking back at the image, you
are likely to be less accurate if asked, “Is there a small, red

circle?” (No) or “Is there a big, blue pentagon?” (Yes). You
saw all the colors and shapes, but Treisman would say that you
did not “bind” color to shape and size in a way that allows you
effortlessly attest to the presence or absence of combinations
of features (A Treisman, 1996). If you thought you did see a
small, red circle, you experienced what Treisman would call
an “illusory conjunction” (A. M. Treisman & Schmidt, 1982).

Illusory conjunctions occur when a feature or features of an
object in one location become associated with an object in
another location. Reuther and colleagues wondered if this fail-
ure of veridical perception would get worse when the eyes
were moving or planning to move (Reuther, Chakravarthi, &
Hunt, 2020)*. It seems reasonable to imagine that the act of
moving the eyes might make it more difficult to see features
correctly tied to the correct location (see for example Dowd &
Golomb, 2018) but Reuther et al. found that planning and
carrying out eye movements didn’t interfere with observer’s
ability to bind features.

Back in the 1990s, we had found that it was hard to search
for an object defined by two colors (Wolfe et al., 1990). For
example, a search was quite inefficient if the target was square
divided into red and blue halves among distractors that were
red-yellow and yellow-blue. The same task became markedly
easier if observers search for a red object with a blue part
among red objects with yellow parts and yellow objects with
blue parts (Wolfe, Friedman-Hill, & Bilsky, 1994). We argued
that something about the part-whole structure must be avail-
able preattentively. In their paper in the present issue, Vul,
Rieth, Lew, & Rich, 2020 use illusory conjunctions to address
the question of how much information about the structure of
an object is available before attention reaches that object.
They present a ring of two-part objects; for example, circles
of one color with a smaller circle of another color inside it.
They cue one item in the array and then ask the observer for
the colors of the whole and the part. There are lots of ways to
get the answer wrong. You could randomly name a color. You

Fig. 3 Have a quick look at this image and then read the relevant text.
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could swap the color of the whole and the color of the part,
suggesting that you had loosely bound the right colors to the
object. The most interesting errors occur when the color from
a neighboring object intrudes into the answer. If you get the
color of the central part of the target object wrong, are you
more likely to substitute the color of a neighboring central part
or are you just as likely to get an intrusion from the color of the
whole neighboring object? (This will all be clearer when you
look at the pictures in the Vul et al paper). It turns out that part-
to-part intrusions happen more often than chance would pre-
dict. For Vul et al., this shows that, prior to the arrival of
attention, the object is not just a random collection of features.
Instead, the preattentive objects must have some structure in
which there is at least some information about whether a fea-
ture is the feature of a part or of the whole object. The Vul et al.
dataset is rich and the paper also serves as a good example of
how the right visualizations can help us to extract information
from large volumes of data.

Henderson and McClelland (2020)* think that we need to
distinguish between two kinds of illusory conjunctions. One
type is due to crowding from near neighbors. The other, that
they call ‘distal’, involves feature swaps between items that
are quite far from each other and must involve some mecha-
nism other than crowding. To look at these distal illusory
conjunctions, they did a series of variations on a classic illu-
sory conjunction experiment design. In the classic design,
observers report on the properties of a couple of items (e.g.
digits) that flank some other items (e.g. colored letters).
Illusory conjunctions are found when observers are asked
about those items in the middle. Treisman thought that spread-
ing attention between the two flanking items led to
misbindings in between. In the Henderson and McClelland
studies, the position of two colored letters is varied.
Sometimes they are inside the flanking digits. Sometimes they
are outside. The observers are queried about one, target letter
and the authors look for illusory conjunctions with the prop-
erties coming from the other, distracting letter. The critical
finding is that illusory conjunctions occurred more often when
the target letter was inside the flankers – as would be expected
- but it really didn’t matter where the distractor letter was
located. That is a bit hard to explain in the standard account.
Their new account, involving attentional ‘shadows’ assumes
that more than one item is processed at one time. We might be
detecting a bit of a theme here. Like Vul et al., Henderson and
McClelland are arguing for a preattentive world that is more
complicated and/or structured than the unbound collection of
features that Treisman sometimes proposed.

Part of the interest in putting together a special issue is that
papers can ‘talk’ to each other in ways that might not have
occurred without their accidental proximity in the issue. So
Henderson and McClelland (2020) are proposing that those
attended digits in an illusory conjunction experiment are cast-
ing attentional shadows in the direction from digit to fixation

(see their Figure 7). In the next article, Ceja, Jardine, &
Franconeri, (2019)* present a new version of the illusory con-
junction phenomenon. As noted, illusory conjunctions seem
to occur more frequently when attention is spread out across
the scene. Ceja et al. find that when attention is spread out,
unattended objects or their features seem to migrate toward
fixation; a phenomenon that they call “foveal gravity”. You
can have a look for yourself at https://osf.io/2bndg/. Perhaps
there is a connection between the foveal gravity of Ceja et al.
and the attentional shadows of Henderson and McClelland or,
perhaps, this is nothing but an illusory conjunction of ideas,
produced by the proximity of the two articles. The reader can
decide.

The final paper in this group concerned with binding ex-
plores the relationship between visual binding and mnemonic
binding. Fiacconi, Cali, Lupiáñez, and Milliken (2019)* pit
memory for the binding of a letter to a location against the
perception of the current binding of the same or a different
letter to the same or a different location. They find that factors
that make the perceptual task faster make the memory task
more accurate. Appropriately for a Treisman special issue,
they tie the results together via the concept of an object file.

The Mechanics of Search

The largest group of papers in this Special Issue deal with the
mechanics of search. How do search tasks unfold over time?
What influences the slope of RT x set size functions, the stan-
dard measure of search efficiency? The basic form of Feature
Integration Theory had a pretty simple story about search
slopes. If an adequately salient, basic feature defined the tar-
get, search slopes would be near zero. All other searches
would require serial search with slopes reflecting a rate of
attentional deployment of a minimum of about 20-30 msec/
item for target present trials and twice that for target absent
trials. Slopes would be steeper if each item in the serial search
took longer to process.

Some theoretical complications are illustrated in Fig. 4. In
each panel, Os would be looking for a black “T”. Let’s sup-
pose that the search stimuli in A produced the (hypothetical)
data labelled “A” in the fourth panel. Search would be more
efficient, if half the items were red and could be ignored (B)
(Egeth, Virzi, & Garbart, 1984). Search would also be more
efficient if the distractors were more easily rejected (C).
Guidance by color (B) and speed of distractor rejection (C)
are two different mechanisms but they could produce similar
looking results. Horstmann, Becker, and Grubert (2020) in-
vestigate this issue and suggest that there are clues in eye
movement data that can help to distinguish different routes
to search efficiency.

In their review of the work on search for facial emotion, D.
Vaughn Becker (as distinct from Stefanie Becker in

Atten Percept Psychophys (2020) 82:383–393386

https://osf.io/2bndg/


Horstmann, Becker and Grubert) and Rheem make use of the
ideas about distractor rejection to explain why some have
thought that angry faces “pop-out” in search displays
(Becker & Rheem 2020*). Basically, the argument is that
angry faces don’t grab attention but, once attended, an angry
face holds attention a bit longer. Thus, it is harder to find a
happy face among angry faces than an angry face among
happy distractors because the angry distractors are holding
your attention. Becker and Rheem also review the back and
forth history of claims about face search followed by claims
that the Os were using low-level features that had nothing to
do with face followed by new stimuli, intended to correct the
problem, and so forth. Honest disagreement is possible on this
topic. I am inclined to think that faces might ‘pop-out’ from
among non-face stimuli (Hershler & Hochstein, 2005) though
one can argue about why (Hershler & Hochstein, 2006;
VanRullen, 2006). Becker and Rheem’s review provides sup-
port for the view that, even if faces are a special class of
stimulus, one kind of face does not pop-out from among other
faces, as long as the low-level features are controlled.

Stefani, Sauter, and Mack (2020)* are investigating what
can be seen as some of the internal workings of distractor
rejection or, more specifically, of the ability to get attention
and/or the eyes off of a distractor and on to a target. They have
Os looking at a ring of discs. At some point, the disks are
going to acquire colors and the Os are intended to report on
the one disk with a target color. If an irrelevant disk at fixation
has the target color, too, it takes a bit longer to move off that
disk. Building on earlier work by Wright, Boot, and
Brockmole (2015), they show that the original “Functional
fixedness” effect generalizes to a range of conditions.

One of the sources of confusion in the search literature has
to do with what we know about items that are not currently
fixated in a visual search. Because attention typically precedes
fixation on an object (Kowler, Anderson, Dosher, & Blaser,
1995), it is tempting to use fixation as a marker for the deploy-
ment of attention. At some level, everyone knows that this is
incorrect. You can easily fixate on THISword, while attending
to some object or location away from fixation. Still, it could be
the case that, in visual search, unless fixation is restricted,

attention and the eyes travel together. If overt movements of
the eyes track covert deployments of attention in search, there
are problems that arise. The rate of processing is one such
problem. However, one interprets the slopes of RT x set size
function, they can be read as measures of the rate at which
items can be processed in search. So, a slope of 50 msec/item
indicates that 20 items can be processed in a second. It doesn’t
tell you how those 20 items were processed. It is just the rate.

In that one second, only 3-4 items will be fixated. It follows
that more items are being processed than are being fixated, so
it must be possible to process items away from fixation.
Guided Search would argue that covert deployments of atten-
tion happen at a faster rate than overt deployments of the eyes
and can visit items away from the point of fixation. Other
accounts like the Functional Visual Field account of
Hulleman and Olivers (2017) would hold that all of the items
within some region (the Functional Visual Field or FVF) sur-
rounding fixation would be processed in parallel. For present
purposes, the important point is that both views would require
that the meaning of items away from fixation must be proc-
essed during search. Cimminella, Della Sala, and Coco
(2020)* provide some new evidence that this is the case.
Using search for photographs of real objects, they found that
RTs and eye movements could be driven by the meaning/
semantics of the objects, independent of their low-level fea-
tures. These data would falsify models that permit only basic
feature processing to occur away from fixation. They do not
tell us exactly how meaning is extracted from unfixated items
during search but theymake it clear that searchers make use of
those meanings.

Again, juxtaposition in the special issue highlights aspects
of papers that might not have been as clear if the papers were
seen in isolation. Nurit Gronau’s (2020)* search tasks involve
only two items and a search for a target defined by its category
(e.g. animals, clothes, transportation). The critical manipula-
tion is whether attention is directed to both items or only to
one. The key finding is that the categorical status of the items
interacts when both items are attended but not if one of them is
left out. This can be seen as refining what it means to process
an item away from the point of fixation. It is not simply that

Fig. 4 In each of these searches, the target is a rotated T. The final panel cartoons the RT x set size functions for target present trials that might arise we
used these stimuli in an actual experiment.
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every item is processed if it is not to small and not too
crowded. Clearly, the deployment of attention is critical when
Gronau manipulates that deployment. During a less
constrained visual search, it is still true that the deployment
of attention is important but the nature of the deployment
remains a topic of debate.

The Glavan et al. (2020) paper, discussed earlier, pointed
out that there are limits to theorizing about search mecha-
nisms, if you just rely on simple average RT data. The full
distributions of RTs can be used to constrain models in ways
that the average RTs alone cannot. With that in mind, Palmer,
Horowitz, Torralba, and Wolfe (2011) et al. posted a big set
of search RTs online. Panis, Moran, Wolkersdorfer, and
Schmidt (2020)* have used those data for a new analysis
based on Harzard functions. Their analysis highlights a point
that must be true but that doesn’t get enough attention. RTs
cannot be simply divided into discrete pieces of time: this
much time for search, this much time for decision, etc. A
variety of operations must be occurring alongside attentional
selection processes during search. Panis et al. see evidence
for “object recognition, learning, and cognitive control pro-
cesses” occurring at the same time. If our minds couldn’t
manage to do this sort of multitasking, we would never get
anything done.

Reimer and Schubert (2020)* remind us of a different way
in which search tasks are composed of multiple, simultaneous
moving parts. Their emphasis is on the fact that attention is not
a single thing, reflecting a single capacity limitation. There are
multiple attentional mechanisms. There is a visual selection
mechanism that is important in visual search. It is not the same
as the multisensory attentional process that allows you to
switch between visual stimuli as you read this, auditory stim-
uli as the phone rings, or tactile stimuli if you think about the
pressure of your posterior on the chair. Reimer and Schubert
use a dual task paradigm to show that demanding conjunction
tasks involve visual attention but also a central capacity that is
needed for auditory tasks as well (They didn’t check tactile
stimuli.).

Marcia Grabowecky was a student of Treisman’s and her
contribution (Smith & Grabowecky, 2020)* builds on work
that she began many years ago with Anne. The question has to
do the mechanics of search. When a stimulus appears on the
screen, where does attention go first? In the case of simple
pop-out stimuli, attention simply goes to the target. In more
difficult tasks, Smith and Grabowecky find that attention pre-
fers the center of mass of the stimulus array. They presented
arcs of stimuli where all items are equidistant from fixation
and their data show an RT benefit at the center of the arc. This
might be an example of attention heading to where the chance
of collecting useful information is the greatest (see, for
example, Zelinsky, Rao, Hayhoe, & Ballard, 1997).

The first articles in this issue were investigating the basic,
preattentive features that are available to guide search.

However, just because a feature can guide attention doesn’t
mean that it should on every occasion. For instance, if the
target is blue and all the distractors are blue, there is not much
point to creating an attention-guiding priority map that high-
lights all the blue items. You want to guide to diagnostic fea-
tures – the ones that provide information about the current
task. This idea is part of the Guided Search model (Wolfe,
1994) and it is central to the dimension-weighting approach
of Herman Muller’s group (Found & Muller, 1996; Liesefeld
& Müller, 2019). In the current issue, (Lee & Geng, 2019)*
find that you can do this weighting on the fly. That is, if you
know that the target is blue, you will prioritize blue. If you
don’t know, then your initial look at the stimulus will tell you
if color is likely to be diagnostic and you can and plan your
weighting on that basis. The ability to gain information about
what to weight from the initial appearance of a stimulus is
related to ensemble perception, the topic of papers that appear
later in this issue.

Before we get there, however, let us consider how much of
a brain it takes to perform these basic visual search tasks. The
answer is that the small brain of the archer fish will do the task
in a surprisingly human fashion (Reichenthal, Segev, & Ben-
Shahar, 2020)*. Among their other virtues, the experiments,
described here, are methodologically wonderful. The archer
fish is so-named because it shoots bugs off of leaves by spit-
ting a stream of water at them. In the lab, the fish can be
persuaded to spit at targets on a computer monitor, placed
above a fish tank. The RTs are longer than human RTs and
you are not going to collect 1000 trials an hour from a fish, as
you might in a human study. Nevertheless, the data from spit-
ting fish can successfully generate RT x set size functions for
the fish. The results show that the pattern of results for feature
and conjunction searches in humans is approximated well by
the fish. The other virtue of this paper is that it reviews visual
search results from awide variety of non-human species. It is a
testimony to the importance of visual search as a behavior and
to the ingenuity of the research community that we have data
from dung beetles, bees, cuttlefish, pigeons, monkeys and
more.

Grieben, Tekülve, Zibner, Lins, Schneegans, & Schöner
(2020)* offer a new model to implement search which they
test using conjunction tasks not unlike those used with the
archer fish. As the authors say, the Grieben et al. model is in
the tradition of FIT and Guided Search. It is distinguished
from those models by being based on dynamic field theory.
Basically, search behavior emerges from the right set of
neurally-inspired equations. This is distinct from Guided
Search. Guided Search provides a wiring diagram of process-
ing steps. However, it tends to assert that a process-like tem-
plate matching occurs. It does not give much in the way of
detail about how to implement such a process. The Grieben
et al. paper does propose those details. The paper is particu-
larly concerned with the interaction of memory and search. In
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their model, it should be the case that, if you have been
looking at a scene, you will be more efficient at finding a
target in the scene than if you had not previewed the scene.
Your memory should guide your attention. It has been hard to
find evidence of that improved efficiency. They provide some
evidence. They propose that earlier failures had at least two
causes. One is methodological. If you show a preview, take it
away, and then show the search array, the system treats the
search array as a new stimulus and there is no benefit. The
other reason is that the benefit is a working memory benefit.
Working memory is limited in capacity so the effects are
small. Thus, you might miss a benefit because your experi-
ment was underpowered. Actually, I don’t think they exactly
make this point about statistical power, but that was the lesson
I took home for why some of my earlier efforts in this realm
might have failed to find benefits (Wolfe, Klempen, &
Dahlen, 2000). Regardless, the architecture described by
Grieben et al. looks like it could yield explanations for many
effects and it might yield predictions for new, interesting
search phenomena.

Figure 5 illustrates a set of questions that are relevant to the
next few articles in this issue. Starting from the left, search for
vertical lines in each patch and, then, move to the next panel
when you are done.

One question, illustrated here is the question of when it
is time to terminate a search. This quitting question was not
a major issue in the early days of FIT. In FIT terms, parallel
searches for feature targets ended when that single step,
parallel process returned “no” for an answer. All other
searches were assumed to be serial and more-or-less ex-
haustive. When search was less exhaustive, observers
would make more errors; a form of speed-accuracy
tradeoff. With the rise of models having a less dichotomous
serial/parallel structure, quitting rules became a topic of
research (Chun & Wolfe, 1996; Moran, Zehetleitner,
Mueller, & Usher, 2013; Wolfe, 2012), represented in the
current issue by Shi, Allenmark, Zhu, Elliott, and Müller
(2019)*. In a standard search task, where observers deter-
mine if a target is present or absent, the quitting problem is

the problem of when to terminate target-absent trials (like,
for example, panel 3 of Figure 5). In their paper, Shi et al.
are revisiting a problem we introduced in Horowitz and
Wolfe (1998). If the target absent searches for a task were
really, serial and exhaustive, then the observer would need
to have some way of keeping track of which distractor
items had been examined. Otherwise, they would not know
when they had exhausted the set. To thwart this marking of
rejected distractors, Horowitz and I replotted every item on
the screen every 110 msec. This was a bit like searching for
the target “T” in a snowstorm of “L”s. Surprisingly, this
made almost no difference to the slopes of the target pres-
ent trials. We argued that “visual search has no memory”
by which we meant that observers were not, in fact, keep-
ing track of the rejected distractors.

Substantial debate ensued. For instance, there is
Peterson, Kramer, Wang, Irwin, and McCarley’s (2001)
response, entitled “Visual search has memory”. However,
that is not the issue here. Shi et al. (2019) focus on the
absent trials in dynamic search. Normally, the slope of
target absent trials is roughly twice the slope of present
trials, Indeed, that 2:1 ratio was part of Treisman’s original
evidence for serial, self-terminating searches. In Horowitz
and Wolfe (1998), our slope ratios were more like 1:1 as
they are in Shi et al’s replication. We didn’t exactly sweep
that fact under the rug but nor did we really deal with it.
Shi et al. point out that, for target absent trials, our dynamic
task is not strictly comparable to the standard static search.
The two tasks are asking different questions. In a static
search, the question to ask before quitting is something like
“Have I looked at more or less everything?” With every-
thing randomly appearing and disappearing in dynamic
search, that question doesn’t make sense. In dynamic
search, the right question is more like “Have I searched
long enough?”. Am I reasonably sure that the target is
not going to turn up if I keep looking? Shi et al. go from
that observation to some clever modeling that bears on the
general question of quitting; not just the specific issue of
quitting in dynamic search tasks.

Fig. 5 Working from left to right, look for vertical lines
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Returning to Fig. 5, the task illustrated here is not a stan-
dard laboratory search because there is an unknown number of
targets present as opposed to the usual zero or one. These
multitarget tasks are versions of foraging tasks, borrowing
the term from the animal foraging literature (Stephens &
Krebs, 1986). Foraging has attracted some recent interest in
the human search literature (Cain, Vul, Clark, & Mitroff,
2012; Wolfe & Danielson, 2012) including from Arni
Kristjansson’s group (Jóhannesson, Thornton, Smith,
Chetverikov, & Kristjánsson, 2016; Å. Kristjansson,
Johannesson, & Thornton, 2014; Krist jánsson &
Kristjánsson, 2018) and it is that group that contributes a for-
aging study to this issue (Kristjansson, Björnsson, &
Kristjánsson, 2019)*. The questions in foraging studies are a
bit different than those in standard search. In foraging studies,
we want to know the rate with which targets are acquired, the
time when observers choose to leave one patch/trial to move
on to the next, and the number of items that are left behind
when the observer leaves the patch. In Kristjansson’s versions
of these tasks, observers look for instances of two different
target types; for example, red and green dots among blue and
yellow dots. He has been interested in the pattern of picking.
Did observers pick one type of target first and then go back for
the other or did observers alternate at random between the two
types. In earlier work, Kristjansson required observers to pick
every target so the questions of patch leaving time and error
rate were not addressed. In the new paper, published here,
observers are free to leave the patch when they will and the
paper describes how responses change when observers have
this freedom.

Ensemble statistics

Figure 5 illustrates one more topic that was of interest to
Treisman and has become a topic of increasing interest today.
Looking at the second panel in the figure, even before we
locate specific vertical targets, we know that the overall ori-
entation of that region is vertical. That vertical ‘gist’ will in-
fluence how long we search for specifically vertical items as
can be seen by comparing that second panel to the first panel
where the overall horizontal structure is immediately apparent.
Clearly, we can glean information about the average value of a
feature over a region. We are also sensitive to the variance of a
feature, as a comparison of panel two with panel three will
reveal. This ability to assess the global properties of a scene or
a region is typically referred to as gist (Oliva, 2005) or ensem-
ble (Whitney & Yamanashi Leib, 2018) processing.

The paper by Corbett and Munneke (2019)* sits at the
intersection of research on ensembles and visual search. The
core observation is that, over trials, search is faster if the sta-
tistics of the scene remain stable. This is true even if what you
are looking for (e.g. conjunction of spatial frequency and

orientation) is unrelated to the variation being manipulated
(e.g. size of the items). In a pair of papers, Aysecan
Boduroglu and co-authors look at interactions between prop-
erties in ensemble tasks. In the first paper, they show that
observers can make both centroid and center-of-mass judg-
ments about sets of disks of different sizes. Observers’ assess-
ments of the sizes of dots influence their estimates of the
position of the centroid, even though, in principle, the centroid
estimate should not make use of size (Boduroglu & Yildirim,
2020)*. The second paper presents a series of experiments
showing that observers can make independent decisions about
the average size and orientation of ensembles of items, sug-
gesting that independent underlying mechanisms support
those decisions (Yoruk & Boduroglu, 2019)*.

Raidvee, Toom, Averin, and Allik (2020)* are investigat-
ing the limits on ensemble processing. If you have several
circles, how good are you at assessing their mean diameter,
their total area, or the total of their diameters? Mean diameter
is an average size judgement. Observers are quite good at that.
They are not accurate when it comes to the perception of total
length or cumulative area. The authors draw a line to the
interpretation of graphs (e.g. bubble charts), suggesting that
it is the diameter of the dot that should be linearly related to the
underlying data and not the area of the dot.

Takano and Kimura (2019)* are studying judgements
about mean luminance and finding that observers are biased
toward the brighter disks in a display if they are asked to
choose the brighter of two arrays and biased toward darker
disks if asked to choose the darker of the same two arrays.
Their work has interesting parallels with texture segmentation
work by Chubb and colleagues (e.g. Chubb & Landy, 1994;
Chubb, Landy, & Econopouly, 2004) which raises an interest-
ing question; do the panels of Fig. 5 show “ensembles” or
“textures”. Ensemble research is typically done using displays
with relatively few elements. Textures are often composed of
many (think of the average orientation of a field of wheat). Do
textures and ensembles produce the same patterns of results in
judgements about properties like average luminance.

Ensemble perception can be taken as evidence for two
pathways to visual awareness (Wolfe, Vo, Evans, & Greene,
2011). Returning to Panel Two of Fig. 5, an attentionally se-
lective pathway allows you to determine that some specific
items are vertical while others are tilted. At the same time, a
non-selective pathway (or in other views, a state of global or
diffuse attention) allows you to determine that the entire en-
semble is oriented vertically. In a rather different way, the
penultimate paper in this issue examines the interaction of
these realms. Duncan and Van der Stigchel (2019)* are doing
change detection experiments and finding that we are more
likely to guess that something has changed if the background
has changed, even if that is not relevant. They argue that
“researchers have tended to ignore inattentional visual pro-
cesses” and they are, no doubt, correct that that vast body of
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vision research concerns perception of attended stimuli. Their
paper is a useful reminder that a lot of important vision is
happening outside of the current “spotlight” of attention.

Coda

I am quite sure that Anne Treisman would have enjoyed the
papers assembled in these two volumes. She would be pleased
that FIT was still inspiring research. She would have argued
with those who were ‘disproving’ her theory in a manner that
would be both intellectually rigorous and unfailingly polite
and constructive. And she would have absorbed and remem-
bered pretty much all of the work published here. In my early
days as an attention researcher, Annewas myworld wide web.
She had read everything, remembered most of it, and thought
about what it all meant. When asked, she was remarkably
generous with that knowledge. Google Scholar and the Web
of Science are marvelous tools, but I am sorry not to have the
Treisman search engine to consult.
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