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Abstract—Target objects presented within color images of naturgliexternal world, and second because it calls into question the ass
tic scenes were deleted or rotated during a saccade to or from the tan that conscious perceptual experience directly reflects the ung
get object or to a control region of the scene. Despite instructionsimg visual representation. Instead, it appears that humans perc
memorize the details of the scenes and to monitor for object changesplete and detailed world despite the fact that the underlying
viewers frequently failed to notice the changes. However, the failureataepresentation is abstract and incomplete (Dennett, 1991).

detect change was mediated by three other important factors: first, The conditions under which change blindness can be observe
accuracy generally increased as the distance between the chapgiogclear, however. Specifically, previous studies provided no d
region and the fixation immediately before or after the chan@geidence that participants were fixating, or had ever fixated,
decreased. Second, changes were sometimes initially missed, but sldnging region before or during the change. For example, in the
sequently noticed when the changed region was later refixated. Thadde-contingent scene-change studies that have been re
when an object disappeared from a scene, detection of that disgrimes, 1996; McConkie, 1990; McConkie & Currie, 1996), {
pearance was greatly improved when the deletion occurred during theage change was generated duringrifieordinal saccade, where
saccade toward that object. These results suggest that fixation positi@s predefined prior to the experiment. Thus, the position of the
and saccade direction play an important role in determining whethésn before or following theéth saccade was not used to constrair
changes will be detected. It appears that more information can Aeuity functions provide evidence that changes might have t
retained across views than has been suggested by previous studiasissed simply because the changed region appeared only in the
al periphery. Similarly, eye movements typically have not been m

tored in paradigms that have shown poor change detection across

Subjective experience leads viewers to believe that their visual SY§rs of plank periods (but see Hollingworth & Henderson, 1998
tem delivers a complete and veridical representation of the SC&p&,cention). Studies that have monitored eye movements durin
before them—a representation akin to a relatively detailed color phQz e viewing have shown that scene detail is preferentially end

tograph. This phenomenology forms the basis for the majority of ”%ﬁ'fixation (Henderson, Weeks, & Hollingworth, 1999; Nelson & L
oretical work in both human and machine vision. A constrain s 1980: Parker 1978).

human perception, though, is that high-acuity vision is restricted|to a|n the present study, we introduced a new methodology (0

small foveal region surrounding the current fixation point, with acui anges contingent on a saccade to or from a predefined critical
dropping off precipitously from that focal point (Riggs, 1965). ?egion) to investigate the sensitivity of the visual system to s

visual system handles this constraint by rapidly reorienting the ey %ﬁgnges when fixation position relative to the changing region is

average of three times each second via saccadic eye mov MEEy controlled. In our paradigm, computer-rendered color imag

(Buswell, 1935; Henderson & Hollingworth, 1999; Rayner, 19 8;1

Varbus. 1967). C . f | sual : @uralistic scenes were changed contingent on a saccade tow
arbus, )- Construction of a complete visual representation %y from a prespecified target object (see Fig. 1). Ihotivard con-
n,

therefore seem to require the storage of a high-resolution image LR
gaccadgs, with images from consgcut.ive fixati0n§ overlapped or s to the target object; in tawaycondition, the change took plag
tially aligned to fqrm the Compqsne image (Breitmeyer, Kropf, uring the saccade that took the eyes away from the target ¢
gulesz,l;;)g.Z,JDa}gdsor:, F_ox,g B'thi 19132’;5“&%26" Eoug’s‘ Gal mmediately after it had been fixated the first time. We also incly
e19,  -onides, Trwin, ants, » Mctonkie ayNeh control condition in which the target object changed during the
1976). According to this hypothesis, changes to the viewed scen froa{(n,cade to a nontarget object that was present elsewhere in the
one fixation to the next should be highly detectable. Recent st Sinvestigate the nature of the information that is encoded
show, however, that human observers often fail to notice seemjn hined across a saccade, two types of object changes were con
igg%r_]IHZZ%E:Enwilgg#h'\icggink?gslg;gy:\A?:lgc')nniig ;ac(;cr?ie 1(9 "R rotation condition, the target object instantaneously rotated
S ! . ! ’ urne, found its vertical axis during the saccade. Indiletioncondition,
Similar change blindness found when a change occurs to a sc g
during a brief blanking period (Rensink, O’Regan, & Clark, 1997

a film cut (Levin & Simons, 1997), or even across the interposition 0 . . .
an assessment of the false alarm rate in the experiment. Partic

an opaque object in the real world (Simons & Levin, 1998). . . - .
. ; S .| were instructed to view each of 35 scenes in preparation for a
The phenomenon of change blindness is strikingly counterintuitive .
) . ) . : .| _memory test, and to press a response button if and when they n
and theoretically important, first because it undermines the traditiona

. . ! fatchange to any of the objects in the currently viewed scene.
view that the visual system constructs a complete representation pof th T o -
change detection is independent of fixation position, as has

assumed implicitly in the change-blindness literature, then dete
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Fig. 1. Sample scene before (a) and after (b) the object change in a rotation trial. In (a), the bound-
ary region defined around the target object is marked in blue. A change was made to the scene
either during the first saccade entering this region (toward condition) or the first saccade exiting
this region (away condition). The picture in (b) shows the scan pattern of 1 viewer in the toward
condition. Dots represent fixations and lines connecting dots represent saccades. Eye movements
before the change are marked in light green and after the change are marked in red. This partici-
pant did not detect the change.
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scene, then detection would be better when the eyes fixated an plgiicin. Across participants, each scene appeared in each conditi
prior to its change (away condition) than when they did not (towaedual number of times. The order of scene presentation was
and control conditions). This hypothesis also predicted a detectinmed randomly for each participant.
gradient, with detection rate declining as a function of the distance of
the nearest fixation to the changed object. Finally, according t
saccade-target theory of visual stability (Irwin, McConkie, Carlson- RESULTS AND DISCUSSION
Radvansky, & Currie, 1994; McConkie & Currie, 1996), an object that gyerall, 11.6% of the trials were eliminated because of track |
is about to be fixated is preferentially encoded, retained, and compagedi, the toward condition, landing positions of 17.3% of the fixat
across a saccade. Thus, this theory predicted that participants wollgiPRediately after the change were just beyond the target o
particularly sensitive to scene changes in the toward condition. region. Elimination of these latter trials did not change the patte
results, so they were retained in the analyses reported here.

As in previous studies that have been reported, participants g
ally failed to notice what would seem to be obvious changes tq
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Eye movements were monitored with a Generation 5.5 Fourywaaknes they were viewing. It is also clear that change detection was

Technologies dual Purkinje-image eyetracker (1000-Hz sampling|ratesdiated both by the direction of the saccade that generate
1’ arc accuracy) while 21 naive participants examined 35 imagescbiinge and by the nature of the change itself (see Fig. 2). An an
scenes of common environments for 20 s each. Images were compiutariance conducted on percentage of detections confirmed the
er rendered (800 x 600 pixels x 256 colors) from three-dimensjotr@nds shown in Figure 2: There were reliable effects of eye move|
wire-frame models and subtended 15.8° x 11.9° of visual anglg abadition,F(2, 40) = 147p < .001, and change typE(1, 40) = 26.8,
viewing distance of 1.13 m. Target objects subtended 2.43° on average.001; in addition, there was a reliable interaction between t
along the longest axisCritical regions for triggering changes wefefactors,F(2, 40) = 8.99p < .001.

0.36° larger on each side than the smallest rectangle enclosing the taFailure to detect changes was most apparent in the rotation @
get object. Changes were triggered when the eyes crossed the baiom-When an object rotated by 90° during the saccade toward
ary of the critical region. The vertical refresh rate was 143.3 Hz] thlject (rotation-toward), viewers failed to notice the change on
change could be started beginning at any point in the vertical refre$the trials. Similarly, when an object rotated immediately after it
cycle, so complete region changes were effected in a maximum of &86n fixated (rotation-away), the change was missed on 71% d
ms?

Participants were instructed to view the scenes to prepare for
memory test. The test was described as one in which a small defs 100
a single object might be different. Participants were also instruct |
monitor for object changes during initial viewing. They were tol 90 1 | —— Toward EL&
press a response button as soon as such a change was detected. 1 | s Away
ble changes were described using a sample scene. Each part|G 80 - Control
saw all 35 scenes, 5 in each of the 6 conditions created by the 3 1 ‘
factorial combination of eye movement condition (toward, away, ¢ < 70 1
trol) and change type (deletion, rotation), and 5 in the catch-trial ¢ % 60 1

9 i

1. A control experiment demonstrated that the object changes were sa % 50 _
and detectable when they occurred within a fixation: All changes were|f -E 40 1
sented to 2 participants while they fixated the center of the control regi¢ ) |
each scene (an average of f®m the target object). The changes occurfe 8 30 4
over two immediately successive presentations of each scene. One partjicc @ ]
detected 34 and the other 35 of the 35 changes presented; neither partig o 20 -
made any false alarms in five trials in which no change occurred. Thus,
changes were salient enough to detect within a fixation. 10 -

2. Phosphor persistence is a potential confound in saccade-contin ] R
change experiments. However, such persistence is much less a problen 0 9
changes are made to full-color scenes because pixels are not simply turne . .
when a change occurs; instead, some pixels are brightened, some are dijn Rotation Deletion
and some simply change color. Using a shutter test and a P22 phosphor lik

used here, McConkie and Currie (1996) showed that effects of phosphor per-

sistence were eliminated 12 ms after a change had taken place in a sce 16]:’@’.‘"2. Percentage of detections as a function of change type (rota
lier points in time were not tested). We conducted a similar shutter test “5deletion) and fixation position (toward, away, or control). The cd
our images and viewing conditions. In this test, 2 naive viewers were presplete bars show all detections for each condition: the lower secti

ed with 105 trials in which the entire scene changed (i.e., the image char ; . .
from one scene to another) and 35 no-change catch trials. The shutter Feach bar represents immediate detectienls500 ms after change

with a delay of 0, 7, or 12 ms following an image change. Accuracy feedp@Nd the upper crosshatched sections represent delayed dete
was presented after each trial. Change detection for all delays and for both(>1,500 ms after change). Error bars are 95% confidence interva
ticipants was at chance. Thus, phosphor persistence cannot account for thell detections based on the error term from the change-type
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Fig. 3. Percentage of detections as a function of saccad
tile is plotted against the mean percentage of detections

a reliable p < .05) difference from a slope of zero are marked with an asterisk.

trials. Performance was even worse when the rotation occurred dutipger sections of the bars in Fig. 2). These late detections

a saccade to a nonchanging region of the scene. Participants

>

e length. For each condition, the mean of each saccade length qu
in that quintile. Point-biserial correlation coefficients tleat produc

were
y tri-
and

isbedrved on 7% and 14% of the rotation-away and deletion-awa

the rotation on 92% of the trials in the rotation-control condition, leadls, 4% and 14% of the rotation-control and deletion-control trials,
ing to a detection rate that did not differ reliably from the 2.9% falsdout 1% of the rotation-toward and deletion-toward trials. The
alarm rateF(1, 20) = 1.62p > .2. Thus, although fixating an objectmajority of the late detections occurred when the changed region
immediately before or after it rotated did not invariably lead to detguened to be refixated later during viewihghese data show thg
tion of the rotation, it did increase detection performance. stored information about object orientation and presence was 9

The detection rate in the toward and away conditions was bettertfores consulted—but only when focal attention was directed ba

vast
hap-
it
ome-
k to

object deletions than for rotations, but still not perfect. Change detdwe changed region, suggesting that some detection failures were due

tion was best when a target object was present immediately prior twoato a failure to encode or retain information, but rather to a fa
saccade to that object, but had disappeared when the eyes landesl ainsult that information until after the changed region had a
that location (deletion-toward), a result consistent with saccade-targeen overtly attended.

theory. But even in this condition, viewers failed to detect the deletion To investigate the influence of visual eccentricity on cha

lure
gain

ge

on 13% of the trials. When an object was present at fixation but
ing after a saccade away from the object (deletion-away), the mis
increased to 22% of the triais € .05). Thus, simply fixating an objeq
did not guarantee that its disappearance from the scene a few
milliseconds later would be noticed. However, fixating the target
increase the detection rate over that found when the target was fi
neither immediately before nor after the saccade: In the dele
control condition, viewers missed the deletion on the majority (6
of the trials.

The analyses reported so far included all change detections. A
be seen in Figure 2, most of the detections occurred relatively qu
after the change (within 1,500 ms; denoted by the lower sections
bars in the figure). Occasionally, however, viewers failed to dete

rfor-
nange
nt of

idstection, we examined the relationship between detection pe
5 ratace and the spatial extent of the saccade that triggered the c
tin the toward and away conditions (see Fig. 3). The average exte
| Qkeofsaccade triggering the change was’ 48d did not vary as 3
didnction of eye movement conditiof(2, 40) = 1.5p > .2. To make
xdhedregression on saccade length meaningful, we included only
tidrom trials in which the change was detected immediately follow
A9%yithin 1,500 ms of) the image change. As can be seen in Figu

there was a reliable effect of eccentricity on change detectio
s can
icld
DI 3. Trials on which detection was neither immediate nor delayed until re
Crefixation were very rare, occurring at most twice across all trials and pal

data
ng
e 3,
N in

gion
tici-

change initially, but subsequently noticed the change (crossha

VOL. 10, NO. 5, SEPTEMBER 1999

cpants in any condition.

441



PSYCHOLOG

ICAL SCIENCE

Detecting Changes Across Saccades

three of the four critical conditions, with detection falling off assaccades, but consulted only when the eyes (and focal attentio

eccentricity increased. Still, change detection was poor in the

tion conditions even when the fixation immediately prior to or f
lowing target fixation placed the target in near-foveal vision. Th
data show that acuity limitations alone cannot account for failur

detect changes in the rotation conditions. Apparently, even when thigect about to be fixated is preferentially encoded, retained, or

quality of the visual input is very high, object orientation is n
inevitably encoded, retained, or compared from fixation to fixat
during scene perception.

Figure 3 shows that the length of the saccade affected detg
rates when the object was deleted during the saccade away fro
object (deletion-away), with a steep drop-off in performance follow
saccades with amplitudes greater than abduinderestingly, howev-
er, when an object was deleted during the saccade toward that @
eccentricity played little role in determining detection accurg
instead, detection was relatively good for object deletions even
the fixation prior to the change was betweéraiid 8 from the next
fixation on the (now eliminated) object. The difference in detec
rates in the away-deletion versus toward-deletion conditions as a
tion of eccentricity again suggests that information about the pres
or identity of the target of an impending saccade is preferent
encoded (Deubel & Schneider, 1996; Henderson, 1996) and pl
special role in supporting visual stability across saccades (Irwin €
1994; McConkie & Currie, 1996).

CONCLUSIONS

Consistent with much prior work in the transsaccadic-integra
literature (Irwin, 1992; Pollatsek & Rayner, 1992), as well as m
recent change detection studies (see Henderson & Hollingw
1999; Simons & Levin, 1997), the present data strongly suggest
the visual system does not create a composite representation by
laying images from consecutive fixations. If it did so, then scg

changes during a saccade should be highly salient. Instead, vie

often failed to notice apparently obvious changes when those chg
took place during a saccade. Particularly striking was the poor d¢
tion performance when neither the pre- nor the postchange fixa
was on the changing object. In this control condition; #6tations
were detected less than 10% of the time, and even deletions
detected less than 40% of the time, findings in line with those rep
ed by McConkie (1990) and Grimes (1996). In fact, given that vi
ers were asked to memorize object details in preparation for a diff
memory test and were explicitly instructed to monitor the sceneg
changes, performance in this study probably overestimates the s
tivity of the visual system to image changes under more typical vi
ing conditions. Thus, the poor change detection performance obse
here supports the view that there are limitations to the visual in
mation that is encoded, retained, and compared from fixation to f
tion.

At the same time, it is clearly too simplistic to suggest that a ¢
pletely fresh scene representation must be generated anew durin

otdirected back to the changed region. Third, the deletion of an o
plthat was about to be fixated was particularly salient, even whe

cgEbject was viewed from a relatively distant position prior to the dele-

e tmn. These data strongly suggest that the presence or identity pf the
Com-
opared across a saccade. Taken together, the results of this study
olight the active, selective nature of visual information acquisition @and
representation during scene viewing.
ction
that
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