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Attentional resolution

Sheng He, Patrick Cavanagh and James Intriligator

Attention can enhance selectively the visual information processing of particular

locations or objects. Recent studies have shown that this enhancement has limited

spatial resolution, the smallest regions that can be isolated by attention are much

coarser than the smallest details that can be resolved by vision. Multiple similar objects

spaced more finely than the limit of attentional resolution cannot be individuated for

further processing and can only be perceived as a grouped texture. As a result, at any

given time, only part of the spatial and temporal information registered by the early

sensory systems is available to conscious perception. It is likely that attentional

resolution is limited at a stage beyond V1 and that it has a finer grain in the lower

visual field than in the upper field. The spatial aperture of attention is elongated along

the radial axis relative to fixation. The briefest temporal window of attention is also

much broader than visual temporal resolution. Many perceptual phenomena related to

rapid serial visual presentation may reflect the limited temporal resolution of

attention.

C: ¢ have all experienced paying actention o, or con-
centracing on a piees of music, a book or a thought and los-
ing awareness of other surrounding evencs. Acendion is
such 2 common term in everyday life that often we do not
realize che variery of atrentional phenomena underlying our
personal experiences. Despite William James's famous
claim thae ‘everybody kaows what atcention is’, we have
orly 2 preliminary notion of whac mechanisms mediate che
cffects of attencion. Many studies in the acrention literature
are concerned wich what it is, some are concerned with how
it warks and some are concerned with what happens to in-
formation thar is not being actended'=. In chis short review,
we will look at 2 specific question: how sharply can we focus
our accencion?

Many authors have used a ‘spetlight’ metaphor*™ to
convey the idea thar accencion can be restricsed to a small
area (illuminacing oaly 2 small part of our visual field}, and
that this beam of atrention can move eround. I the more
extended ‘zoom lens’ mecaphor™?, che beam noc only moves
buc also scales up or down in size. Measurements of the dis-
tribution of attention within the beam suggest a gradienc of
ateention, and even a tear-drop shape, oriented along radial
lines from fixation!™*,

The spatial specificity and the unitary nature of the ac-
zentional focus have been challenged secendy. A numbes of
experiments have shown thar acentien can be directed ro
non-contiguous locations>*% and even used o track as many
25 foue oc five randomly moving lems simultaneously’?, Ac
the same time, ocher studies have demonstrared char atcen-
tion is arrached to objects, noc locations'™?. When owo
objects are superimposed buc actendion is directed to only
one of them, atcentionz! &ciliration is found to be specific
to the object and nor its locacion.

The grain of aczention

How finely can aszencion be focused? Imagine there are owo
dots presented above a fixation point. An observer can at-
tend to one or the other easily when the two dors ace bar
apart (no eye movements allowed). As che two dots get
closer and closer, however, it becomes increasingly difficult
to focus accention on a single doc ro the exclusion of the
other (thac is, to individuare it). As we shall see, the price of
being oo close is to lose access to the features of an indi-
vidual item - which sesm 0 get mixed up with those of its
neighbors (Box 1). Surprisingly, this phenomenon appears
to happen well before che two dots stare to fuse visually and
appear as a single dot.

Eriksen and his colleagues’ proposed that the atteation
spodighe has a size of 1 degree, which means that if owo icems
are spaced less than this distance apart they can no longer be
accessed individually by atcention. Although this number
{1 degree) is valid only for the specific paradigm and stimulus
placements thar they used, it does suggest thar amentional
selection has a coarser grain than visual resolution. The lim-
ired resolucion of 2trencion was also evidene-in a‘study by
Usal, Umiltz and Nicoletti®. They showed thar arrention to
a pac-man figure provided fcilization that was limiced w0
targees within che pac-man excepe if the gap (the open
mouth of the pQC—man) was small. In thar case, facilizarion
was also seen for targets in the gap as if the area through
which attention had spread was a blurred version of the
pac-man, blurred o the extent that the nasrower gaps were
filled in.

Since we will compare artentional resolution o vistal
resolution, let us begin with a simple description of visual
resolution — the finest spacing at which visual decail can still
be seen. Visual resolution is conventionally measured as the
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Box 1. How fin

While fixating the cross in the cencer of the lef-hand diagram
(shown above) nodice thar it is fairly casy to volunarily atcend any

3§ item in the four concentric arrays. This is possible because cach
A jeem is spaced 2t just less than the aritical local density for individu-
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adon. Thle diagram on the right has 2 densicy chat exceeds the resol- E

ution limic of our acstendon. Consequendy, while fxating che right-
hand cross, ivis difficult to move your aention from one item o
another. {(Adapted from Intriligaror and Cavanagh, ARVQ, 1997.)
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finest sinusoidal grating thar can be seen when presented ac
maximum contrast™. Under brighc illuminacion, an ob-
server can normally resolve up to 55 cycles per degree
{imagine 110 black and whire stripes painted on your index
fingernail, held our ac arm’s length). In this contexr, resolve
means either that the obscrver can cell the grating patch
apart from a uniform field (dececrion rask) or can tell Its ori-
cnation (discrimination task). This resolution limit drops
dramatically as the test is moved away from the cencer of
gaze”

We can define atentional resolution in a similar man-
ner: the finest spacing of the bars of 2 high-contrast grating
that allows the observer to isolate or index each bar wich ac-
tencion. A simple test of this ability is to count the bars
without eye movements. Figure | demonstrates the difference
benween conventional visual resolution and che arrenrional

resolution. We can see the gratings cleady and report that
there are several fine bars verrically oriented. However,
while fixating the cencral dor, it is much more difficult ro
individuate and count the bars in the gracing to the left.
‘We resolve the grating as textures but we cannor access the
individual elements. Individuating the bass only becomes
possible when the grating is much coarser, a5 seen on the
righe.

Studies on lateral inhibition or crowding
In the gradng above, the cost of not being able to individu-
ate the bars is relatively small — we do not know how many
bars there are but we know thar they are all vertical and chin.
If each bar were subdy different, however, the cost mighe
include the inability to report the special features of indi-
vidual bars. This effect has been addressed in the extensive
liverature on crowding, tested typically

Fig. 1 An illustration of the difference between visual r
at the center cross, the grating an the left is easily resolved. One can tell the contrast, orientation and spacing of
the stripes, But it is much harder, or even impossible, to attend to individual bars or count through them without
maving your eyes from the fixation cross, The grating on the right side, however, is much more sparse, and it is
passible to individuate the bars. Consequently, we say that the grating on the left is beyond attentional resol-

+

and att:

ution, and that the one on the right is resolvable by attention,

| resolution. Locking

with muleiple letcers presented in a row,
either as a word or a non-word lerer
string™B. These studies found thac the
lerrers in the middle of the row are more
difficuls to report than letters close to che
fixation point, and surprisingly they are
also more difficulr ro report than lewers
at the outermost position, even with pro-
longed viewing time*. Clearly, cccentricity
. Is not a sufficient explanation for chis re-
sult. Some researchers have tried o explain
these findings by appealing to 2 sensory
level lateral inhibition process, ruling ouc
atrendonal factors®® or spatial unceraingy™,
Conversely, some auchors have suggested

®

that attention is a key facror®2%,
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The lateral interference effece measured in these experi-
mens is not limited o letter stimuli. Studies on orienzacion
discrimination and wvernier acuiry wich line segments also
have shown interference effects in the presence of properly
positioned surrounding lines®*. In general, when a rarger
is cmbedded in muldiple distracrors, ic is very difficult wo
perceive the target. Iz is our claim, outlined below, thar this
difficulty reflects to a large degree che limited spatial resol-
urion of our arrentional mechanism.

Interestingly, the crowding effect depends strongly on
the similarity berween the distractors and the rarger o be
derected, and their relative depth*'. Also, grouping be-
oween the distractors and the rargee changes che crowding
effect significanty®. These resules indicate thar these effects
emerge ar a fairly high level.

Crowding a5 a measure of attentional resolution

In severe cases of crowding, a target embedded in an acray of
distractors cannor be selected by amendion, and cannot be
consciously analyzed independendy of the distractors. The
suggestion thar the crowding effecc is due largely to insui-
ficient spatial amencional resolution is addressd by the fol-
lowing experimenc on orientation selective adapeation®.

Adapration to 2 grating in a particular orientation will
caise the threshold for subsequendy derecting a grating in
that same orientation much more chan a gradng in the or-
thogonal orientation. This orientation selective adaptation
has been linked to neurons at the primary visual cortex and
beyond®. In a recent study”, we adapred our observers
cicher to a single grating or 2 erowded gradng array. In the
latter (crowded) case, the adapring graring ar the rarger
position was essentially unavailable ro conscious perception
{see Fig. 2): the idencification of irs orientation was ar
chance level. However, in both the single and crowded
adapting conditions, we found the same magnirude of ori-
entation selective adapuation effect. Figure 2 shows the
stimulus and the results. A grating chat is unavailable to our
conscious perceprion (due to crowding) is, nevertheless, as
powerful as a single, perfectly visible grating in producing
orientadon sperific adaptation effects. This suggests char
crowding happens ar a stage beyond the site of adapration,
which itself must be no earlier than V1 (no onentaton
analysis ocours at eaclier levels). This result, like che earlier
ones showing thar an unresolvable high frequency grating
can produce an orientation selective adapracion effect™, is
consistent with the proposal that activation of V1 neucons
alone is not sufficient for visual awareness™.

In the context of early versus lace atrendonal selection,
these results scrongly support lace selection. The lateral inter-
ference or crowding, which prevenss the selection of the
targer grating, is certainly not at an carly “sensory’ level as
the information has been registered and processed o ar least
the level of area V1, if not higher. Is this high-level lateral
interference a property of attention itself or che resulr of ad-
ditional cortical filtering beyond area V1 bur preceding ar-
rentional selection? Qur example in Fig. 1 demonsrrares the
phenomenon of crowding occurring clearly ar the level of
selection. The fine vertical bars are seen clearly, and the ob-
server can repoct any number of decails abourt the lines:
width, orientarion, length and 50 on. And yer, as is revealed
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Fig. 2 Orientation selective adaptation. Orientation selec-
tive adaptation in displays where observers could and could not
perceive the orientation of the adepting grating (fouch graw-
ing away from fixation). (A) Contrast thresholds were measured
under three different conditions: adapt 1o a single grating,
adapt to the fourth grating in a linear array of five gratings and
no adaptation (baseline), (B) Threshold contrast elevation after
adaptation relative to baseline contrast threshold before adap-
tation. The difference between same adapt-test orientation
and different adapt-test orientation rapresents the strength of
orientation selective adaptation. The data show that a flanked
grating {origntation not perceivable} and a single grating {ori-
antation readily perceivable) wera almost equally effective in
crientation specific adaptation. (From Ref. 33.)

when arempting o count the lines withour eye move-
ments, the individual lines cannot be accessed. Classical
crowding displays with adjacent letters, or the crowded
grating parches used in our experiment”, are not so simple
as the sec of lines shown in Fig. 1. It 1s possible that these
more complex stimuli suffer from some high-level lateral
interference thar precedes selection. They must, neverthe-
less, all share the same selection diffieulty so cleadly seen in
Fig. 1. It is this selection borrleneck that we are labeling che
resolution limic of attention.

Upper/lower field and radial/tangential inhomogeneities

The grain of visual resolurion is not uniform in the visual
field. It drops off precipitously with increasing distance from
the center of gaze. However, the resolution of arttention
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Fig. 3 5ch ti ples of stimuli (A). One stimulus is used in the feature detection condition and ane in the conjunction detec-
tion condition, Qbservers attend and respond to the presence/absence of the presgecified target {in this axample, / is the target in the
faature case, T tilted 90 degrees clockwise is the conjuncticn target). (B) Accuracy data collected under four different conditions.
Conjunction detection suffers a large asymmetry between upper (UVF) and lower visual figld (LVF), while the feature detection is equally
good in both upper and lower visual field. (From Ref, 33)

appears to have owo additienal inhomogeneities that are not
characreristic of visual resolucion. Firstly, a lower visual field
advantage is found in many different tasks that require fo-
cused auention®. For example, in our experiment where
subjects had to determine whether an item in a prespecified
posicion (flanked wich distractors) is a targec or not, no

with large oricntadon differences), bur a pronounced lower
field advantage was observed for rargess defined by fearure
conjunctons (Fig. 3, from Ref. 33). The lower field advan-
tage is also evident in an attentional tracking rask (similar o
that developed by Pylyshyn and his colleagues, Ref. 17),

where observers were asked to track owo discs among nine

marked difference beoween the upper and lower field was  randomly moving discs (Fig. 4, from Ref. 33). Since the
scen for rargets defined by simple features (line segments  rracked dises arc physically identical to the non-rracked

A o B
> gso_
WA e

UVF LVF

Fig. 4 Attentional tracking task and accuracy data. (A) Cbhservers fixated 10 degrees abave or below the center of a rectangle area
in which nine green moving balls were presented. At the beginning of 2ach trial, twe of the balls were changed to red for 14, and then
turned back 1o green. The observers’ task was to keep track of those two balls with attention while keeping their gaze steady on the fix-
ation dot. After 53, all nine balls stopped moving, and observers indicated which two balls wers the ones that had turned red at the
beginning. Chance performance is 21.1%. (B) Observers performed much better when the balls were presented in the lower visual field.
LVF, lower visual field; UVF, upper visual field. (From Ref. 33.) )
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ones (excepr for a brief color change for identification ac the
beginning of the trial), performance in this task depends
critically on the abilicy to use autencion to track the selecred
targets, chac sometimes move very close to the distraccors.

Differences berween the upper and lower visual field
.were also found in several other rasks involving attention®.
Previc proposed owo atcentional systems, one for extraper-
sonal space thae favors the upper visual field, and one for
peripersonal space thar is directed towards the proximal
lower visual field®®, Although this distncrion is still a sub-
ject of debate, much of the evidence is consistent with a
finer attentional resolucion in the lower visual field. [n con-
wrase, there is very licde evidence of differences in visual res-
olution between the upper and lower field within a large
range of eccenuicity as measured by concrast sensicivigy
using gratings®. The recent finding thac the lower visual
field is better at perceiving subjective contours® may be un-
related to the different atzentional resources of the owo
hemifields, although Gurnsey, Poirier and Gascon® have
argucd rthat subjective contours may not be seen wichour
aceention.

The lower visual field advantage in amentional resolution
may party be due to the facr thas the lower field is repre-
sented in the upper part of the primary visual cortex, which
is anarornically 2djacent to and projects more heavily® incwo
the occipital-parietal regions that are often linked to spacial
attendonal control™+.

The second inhomogeneisy is thar anentional resoludion
is also anisotropic in the radial or tangendal dimension.
There is significandy less incerference berween items when
they are arranged rangentially, rather chan radially, relative
to the eyes’ fixation**, It seems that the shape of the small.
est regions to which we ¢an arend is ellipsoidal, elongared
along the radial lines from fxation. Although the receprive
fields of many visual neurons®™* tend 1o be slighdy elon-
gated along such radial lines, chis factor alone is not suf-
ficienr o cxplain the large difference berween radial and
tangendal configurations in the lateral interaction which is
observed behaviorally. The difference in arrentional reso-
lucion may contribute to many observed radial orientation
advantages including thac for grating resoluton®, phase
discriminatdion® and modon sensitivity®.

Temporal resolution of artention

Under brighe lighe, luminance fluctuation can be perceived
as a flicker at frequencies as high as 50 Hz, suggesting chae
the inital stages of our visual system can resolve fast
changes. In comparison, attentional processes appear to be
much slower, and 1o have a coarser cemporal resoludon. In
2 direct analogy to the resolvable but nor individuable bars
of the grating, demonstrated in Fig. 1, 2 spor flickering at
slow rates can be perceived as appearing and disappearing
(individual cemporal events). However, ar a higher rate, the
spot is no longer seen as turning on and off discretely, bur
instcad seems to be present continuously as a flickering spot
(one cannot index a paricular appearance or count the
number of appearances of the spov). The rate (-4-6 Hz) ac
which the spot’s phenomenal existence becomes continuous
has been called the Gesralr flicker Fusion rate by Van de
Grind and his colleagues™. In an experiment performed by
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He and Macleod™, a grating with its concrast changed
from a high to a low level or from a low to 2 high level could
be perccived as an obvious change, but if the rate of change
was higher than 4 Hz, observers could not distinguish be-

,oween the owo sequences of change.

‘Reduced performance with rapid serial visual presen-
ration {RSVP) may also reflecs che poor anentional resolution
in dme®’. Por example, when derecting 2 probe char occurs
berween 100 ms and 450 ms afrer a correctly idencified rar-
getin an RSVP sequence, observers show 2 marked decrease
in cheir ability to derect that probe. This loss of pecfor-
mance has been [abeled the awenrional blink®, The limired
remporal resolution of attentional selection may be one of
the factors thar conrribute co this phenomenon.

General discussions and future questions

Visual information is processed at multiple stages, We can-
not be aware of everything at any one time, but only the
things we are artending o or chings thar captuce our atten-
ton. [n this sense, amentional resolurion is the bordeneck of
our awareness and one mighe even argue that studying at-
ention amounts w studying awareness. Although, in this
article we have used the word aweadion as if it were 2 single
process, it is not necessarily 507, Exogenous and endogen-
ous shifts in atrention may be conturolled separately®.
Moteover, the systems for shifting artention from one ob-

jece to the next™* may be very different from those used to

keep track of moving rargets®.

A central goal in che study of amencion is o identify the
neural structures mediatng awencional processes and the
study of neuronal responses to crowded stimuli may have
much to offer here. For example, in many cortical areas the
response of a cell o its preferred stimulus is swongly re-
duced when the stimulus is flanked by idencical stimuli®*=5¢,
However, based on what has been found psychophysi-
cally**%, ¢the signarure of 2 cell which participates in amen-
tonal selection should be thar the response is almost com-
pletely suppressed when the rarger and Aanking stimuli are
aligned radially from the foveal, whereas less suppression
should be scen when targer and Bankers are aligned tangen-
tially ar equal eccentricity.

For many years the question of early vs. late sclection
has been che center of debate in studies of attention™,
It remains an unresolved question today. The adaptation
experiment described earlier demonstrates an effective
method for evaluating the processing of unselected features
and the resules indicate that the site of artendonal selecdon
is later than the sire of oricnration analyses. The advantage
of this method lies in the degree o which stimuli ar¢ ren-
dered inaccessible to accentional selection. Traditionally,
the face of unartended information is studied with brief,
masked presentarions. This masking may reduce the avail-
able signal cnough to prevent accurate recognition bur it is
always possible that bits and picces of the stimulus may
reach awareness; these may be sufficient to prime or other-
wise influence later measures™. However, with an optimally
crowded display (Fig. 2A), the targee stimulus remains inac-
cessible to awareness, even with unlimited viewing, making
the argument that unreporred information is unavailable to
awareness much more compelling. The same paradigm can
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be extended to study the level of processing of many other
properties of the crowded/inaccessible stimulus.

Finally, the pattern shown in Fig. 1 raises the question
of when a pattern is no longer an arrang;:mcn: of elements

bur a texture, The pateern on the lef seemed necessarily a -

texture since its individual elements could not be accessed.
However, the pattern on the right could be thought of as
eicher 2 sparse texture or an arrangement of individual lines.
Studies of rexture segmentation may, therefore, also be re-
lated to attentional resolution. The factors chat suppost sez-
mentaton may change qualicatively when the pawern den-
sity crosses the limir of accentional resolurion™.

The concepr of auendonal resolution may help us in
understanding many diverse phenomena, such as coneex-
tual effects, crowding, masking, some aspects of subliminal
perception and perception in RSVP sequences. Morsover,
the measurement of an individual’s arrentional cesolution
may turn out to be a more salient facror than visual resol-
ution in predicting that individual's performance in awen-
tionally demanding rasks such as driving, piloting airplanes
or air traffic control.
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