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Abstract
This paper examines the nature of visual representations that direct ongoing performance in sensorimotor tasks. Performance of such natural tasks requires relating visual information from di erent
gaze positions. To explore this we used the technique of making task relevant display changes
during saccadic eye movements. Subjects copied a pattern of colored blocks on a computer monitor, using the mouse to drag the blocks across the screen. Eye position was monitored using a
dual-purkinje eye tracker, and the color of blocks in the pattern was changed at di erent points in
task performance. When the target of the saccade changed color during the saccade, the duration
of xations on the model pattern increased, depending on the point in the task that the change was
made. Thus di erent xations on the same visual stimulus served a di erent purpose. The results
also indicated that the visual information that is retained across successive xations depends on
moment by moment task demands. This is consistent with previous suggestions that visual representations are limited and task dependent. Changes in blocks in addition to the saccade target led
to greater increases in xation duration. This indicated that some global aspect of the pattern was
retained across di erent xations. Fixation durations revealed e ects of the display changes that
were not revealed in perceptual report. This can be understood by distinguishing between processes
that operate at di erent levels of description and di erent time scales.Our conscious experience of
the world may re ect events over a longer time scale than those underlying the substructure of the
perceptuo-motor machinery [Ballard et al., 1996].
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Visual function naturally occurs in the context of ongoing goal directed behavior, involving
movements of the eyes, head, and hand. A central issue emerging from this is the nature of the
brain's internal visual representations that direct this ongoing behavior. This paper examines
aspects of visual processing that arise when vision is considered in its normal behavioral context.
The experiments investigate the extent to which elemental visual representations are computed
moment by moment explicitly for the immediate task, and the extent to which a more general
purpose visual representation is maintained and updated as the observer moves within a scene.
Some of the consequences of head and body motion are dealt with by ocular mechanisms for
stabilizing gaze with respect to the world. However, changes in gaze introduce problems in both the
spatial and temporal domains: observers must maintain some kind of constancy of visual direction
as a basis of their motoric interaction with the world and some kind of visual memory for the
information in previous views. Thus one aspect of visual processing in its normal context concerns
the way in which visual information from di erent gaze positions is related.
The primary class of eye movements involved in gaze changes are saccades. These movements
structure the visual input into a sequence of retinotopic images sampling di erent parts of the scene,
interposed by brief periods of blur. Although some kind of visual memory across these successive
retinotopic images is clearly necessary, the form of this memory is poorly understood. There is a
fairly general consensus that the memory is limited. Experiments by Irwin, examining sensitivity to
changes in a random check pattern, reveal rather strict capacity limits on memory for such patterns
across saccadic eye movements [Irwin, 1991]. He suggests that only information which has been the
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focus of attention will be retained across saccades and that this has the capacity limits associated
with short term visual memory. There are a number of compelling demonstrations in support of
this, that show limited awareness of major changes in visual displays when the change is made between successive xations [Grimes and McConkie, 1995, McConkie and Currie, 1996] or even during steady viewing of natural images [Rensink et al., 1996, O'Regan et al., 1996, Simons, 1996].
A series of studies by Rayner, Pollatsek, and colleagues have looked for some facilitation of perception (usually during reading) by presenting a stimulus in a peripheral location before the saccade.
These studies suggest rather limited interactions between the peripheral, pre-saccadic view and
the post-saccadic stimulus, for example [Pollatsek and Rayner, 1990, Pollatsek and Rayner, 1992,
McConkie and Zola, 1979]. It is possible that only a sparse semantic or 'post categorical' description
of the objects in a scene and their approximate locations is preserved, with other information being
actively acquired by gaze changes [O'Regan and Levy-Schoen, 1983, O'Regan, 1992, Irwin, 1991].
Nakayama has made an even more extreme suggestion, that perception is essentially serial and
limited to the information which can be attended to in a single xation [Nakayama, 1990]. Thus it
seems unlikely that anything like a complete viewer-independent reconstruction of the visual scene
is built up from successive gaze locations, as is often thought to be the job of vision [Marr, 1982].
One appealing possibility to explain the way vision works across a sequence of gaze positions
would be to suppose that the ongoing visual goals determine both what is computed within a
gaze position and across di erent gaze positions. This is a computationally ecient strategy, as
demonstrated by recent theoretical work known as Active Vision . These models take advantage of
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observer movements to model a range of tasks using limited, task-speci c memory representations.
Complex internal representations are avoided in these models by allowing frequent access to the
sensory input during performance of the task [Brooks, 1986, Bajcsy, 1985, Ballard, 1991]. This
allows construction of transient representations as needed for the current operation using information actively acquired from the world.This raises the possibility that human vision may be similarly
ecient, taking advantage of successive gaze locations to serialize visual tasks and minimize the
complexity of visual representations. It also means that it is important to examine this issue in the
context of a well-de ned task. This should indicate the nature of the ongoing visual computations,
and what information is needed from prior gaze positions.
An additional motivation for examining this question in the context of an ongoing task is that
it provides concrete suggestions as to how attention is being deployed from moment to moment.
In many standard experimental paradigms it is not clear how attention is being distributed, and
this make it hard to generalize beyond the particular paradigm. This is a particularly intractable
problem in experiments aimed at understanding how unattended information is processed. For
example, in many experiments on the nature of visual processing of unattended information subjects covertly distribute their attention across the visual eld while performing the primary task
[Rock et al., 1992] because they are aware they will need to respond to occasional 'unexpected'
stimuli.
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Experimental Approach
Our previous work [Ballard et al., 1995] provides support for minimal, task dependent visual representations. We developed a paradigm re ecting basic sensory, cognitive, and motor operations
involved in a wide range of human performance. The task is constrained enough to allow fairly
precise identi cation of the current cognitive state at each point in the task. The task was to copy a
pattern of colored blocks, as shown in Figure 1. The model pattern is at the top left, the workspace
for building the copy directly below it, and blocks for use in making the copy are in the resource
area on the right. Subjects move the blocks with the mouse.

1

Examination of performance in this task revealed that subjects use frequent eye movements to
the model pattern to acquire information about the pattern just as it is needed, in preference to
using visual memory, even for very short intervals. Subjects frequently looked at a block in the
model pattern twice in the process of copying it, rst presumably to acquire the color of the block,
and then after picking up a block of that color they returned to xate the pattern again. This
second xation is presumably to nd the relative location information necessary for positioning the
block in the copy. It appeared that even the color and location of a single block were acquired in
separate xations, rather than being automatically bound together as object properties during a
single xation. Thus the easily observable aspects of performance in this task pointed to extremely
scant visual representations and minimal visual information carried over between views.
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The eye and hand traces shown in Figure 1 are not seen by the subject, just recorded for later analysis.
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Figure 1: Copying a single block within the task. The eye position trace is shown by the dotted line. The cursor
(hand) trace is shown by the dark line. The numbers indicate corresponding times in the task.
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However, it is necessary to test this claim more carefully, since the frequent xations on the
model may not be obligatory, but rather, re ect the fact that the eye must wait on the slower hand
movements to catch up. The approach we use here is to change various aspects of the display during
saccadic eye movements and observe if there are any consequences on task performance. Fixation
duration, for example, should be a sensitive measure of an e ect of altering information critical
for performance at that moment. If the display change leads to longer xations this would suggest
that the current visual representation is no longer consistent with some aspect of the recent visual
history. By making a range of changes of di erent kinds of visual information we can nd out what
information is actually being used in the task, whether it is preserved across di erent xations, and
also whether information that is not obviously or immediately relevant is in fact being represented.
This is not necessarily the same as what the subject is aware of, which may reveal quite di erent
estimates of residual visual information. By exploring the types of change that a ect performance,
we can identify the information that is retained.

Experiment 1: Single Block Changes
One of the observations we have previously made about performance of the block copying task is
that subjects behave in a very stereotypical way [Ballard et al., 1995]. Since only one block can be
moved at a time, we break down performance into a description of single block moves. These can
be categorized into the sequences diagrammed in Figure 2a. The sequence on the top left, labeled
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MPMD or "Model-Pickup-Model-Drop" is the most common. In this case, following placement of
the previous block, subjects xated the model pattern to begin copying the next block. This is
followed by a saccade to the resource area to guide the hand movement for pickup, and then by a
saccade back to the model before xating the workspace to guide block placement. Thus the model
is xated twice while copying the block. In the MPD (model-pickup-drop) and PMD (pickupmodel-drop), the next two strategies, the subject makes only one model reference, either before or
after pickup. In the PD (pickup-drop) strategy the subject copies a block without reference to the
model. In this case the color and placement must come entirely from visual memory. Only about
16 percent of the block moves used the pickup-drop strategy. The other strategies involve either
one or two xations on the pattern. Thus subjects showed a very strong preference for using eye
movements to acquire information from the display as needed, rather than using visual memory.
(A variety of other aspects of performance have been investigated in our previous work, but are
not relevant for the current investigation [Ballard et al., 1992, Ballard et al., 1995, Pelz, 1995].
The rst experiment to probe the extent of the memory across di erent xations examines the
consequences of changing the color of blocks in the model area during saccades from the Workspace
to the Model. The cyclic and stereotyped nature of performance in this task makes it a convenient
starting point for investigating natural behavior. The subject's behavior is quite predictable, so this
allows well controlled manipulations. Since xations in the Workspace area are almost invariably
for the purpose of guiding the placement of a block in the partially completed copy, if the next
saccade is to the model area, then the implication is that the subject is xating the model to acquire
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Figure 2: (a) Schematic for eye movement patterns for copying a block. \M" means that the eyes are directed
to the model; \P" and \D" mean that the eyes and cursor are coincident at the pickup point and drop-o point,
respectively. Thus for the PMD strategy, the eye goes directly to the resource for pickup, then to the model area,
and then to the resource for drop-o . (b) The relative frequency of the di erent strategies for seven subjects.
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color or location information. In this experiment we changed the color of one or more blocks in
the unworked part of the model during the saccade to the model, and observed the consequences
of this change on task performance. This should reveal whether color information in the model is
preserved from either the immediately preceding peripheral stimulus or from previous xations on
the model pattern.
A second condition was also examined, where the color change was made following block pickup,
during the return saccade to the model area from the resource area. In this case, the subject is
targeting the block xated previously, and a block of the same color has been picked up, so we
expect that changing the color of the targeted block would interfere with performance. Thus we
can compare the e ects of the manipulation for the same xation position at a di erent stage in
task performance.

Methods

Apparatus
The experiments were performed using a 14" Macintosh color monitor viewed at about 0.8m. Thus
the display subtended about 16 deg of visual angle. Individual blocks subtended about 1.5 deg
horizontally and 1 deg vertically. Blocks were shifted using the mouse. Eye position was monitored
by a Dual Purkinje Image Generation V eye tracker, which provides horizontal and vertical eye
position signals sampled every msec, with an accuracy of 10-15 min arc over about 15 deg range. The
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experiments were controlled by a MacintoshIIfX computer. Saccades were detected and the display
updated within the 17 msec limit set by the refresh rate of the monitor. This was accomplished
by using 1 msec interrupts generated by a National Instruments analog data acquisition board.
Display updates were performed seamlessly through video look up table changes which occurred
during interrupt handling. All events were timed with an accuracy of 1 msec. The saccades in this
experiment typically lasted about 50 msec, and all changes occurred before the end of the saccade,
with 88 per cent occurring at least 20 msec before the end of the saccade. This was determined by
measuring the display change with a fast photodetector and comparing photodetector output with
the eye position signal from the tracker [Karn, 1995].

Procedure
Ss copied the block pattern as described above, and were asked only to complete the task as quickly
and accurately as possible. No other instructions were given, so as not to bias Ss towards particular
strategies. (Subjects generally nish the task in about 15 sec, and make only occasional errors.) A
display change was triggered by a transition from either the workspace area or the resource area
to the model pattern. One of the uncopied blocks adjoining the block just placed was randomly
chosen and its color changed to one of the 3 remaining colors. On some trials this corresponded to
the next block copied. The experiment is cartooned in Figure 3a. The arrow shows the saccade,
the zig-zag shows when the change is made. In another condition shown in Figure 3b, the change
was made after the S had picked up a block and was returning to the model, presumably to check
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its location. In both conditions the changed block was chosen randomly from the unworked blocks.
Trials were subsequently sorted into those where the change was made to the next block copied,
or to the adjoining block, diagonally adjacent, or remote. The probability that a block will be
changed on any given saccade to the model was between 0.18 and 0.26 for the di erent subjects.
(This varied between subjects because di erent subjects had slightly di erent distributions of the
strategies shown in Figure 2.) Patterns where no changes were made were randomly interleaved
with those with saccade-contingent display changes. Since a change occurs only with a probability
of about 0.24 in the experimental patterns, in order to get enough trials where the change is made
to the targeted block, between 183 and 280 patterns consisting of 8 blocks each were presented.
This gave from 308 to 563 individual color changes. The relatively low frequency of changes was
designed to avoid a situation where Ss consciously adopt a di erent distribution of strategies for
the experimental trials.

Results
For preliminary analysis we developed software to replay a segment of any length of a trial and
retrace the subject's eye and hand movements (see Figure 1).A graphical timeline window displays
the events that occurred during a trial. Selection of a point on the timeline displays the screen
con guration of the trial starting at that moment in time. It is then possible to scroll up and
down to select any segment of the data stream. The program then sets up the blocks and replays
whatever eye and hand movements the subject made during the selected period and shows any color
13
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Figure 3: Cartoon of the two conditions in Experiment 1. The jagged arrow represents a saccade to the model
area. When the saccade crosses the dashed line a block in the model pattern changes color. In (a) the color of an
uncopied model block is changed during a saccade from the workspace to the model, before a pickup. In (b) the color
of an uncopied model block is changed during the return saccade from the resource to the model, after the subject
has picked up a block.

changes that occurred. Figure 1 shows what a typical selection might display. At the beginning
of the selection the subject has already placed two blocks in the workspace area and is in the
process of placing the third. The thin trace represents the eye movements, the thick trace the hand
movement. To identify the saccades and xations, the raw eye velocity data was ltered using
a 17 point velocity lter, and a criterion of 35 deg per sec set for identifying a saccade. It was
also necessary to set a minimum duration of 30 msec for de ning saccade termination, to avoid
erroneously labeling the overshoots in the DPI tracker as a separate xation. These overshoots
result from inertial motion of the lens following a high velocity movement and are discussed in
[Duebel and Bridgeman, 1995].
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Our primary focus was on the duration of the xations in the model area following a color
change, since changing information critical for task performance should be disruptive and lead to
longer xations. Following placement of a block in the workspace it seems plausible that the next
xation in the model area is for the purpose of acquiring the color of the next block to be moved. If
subjects really have no record of the color of the blocks in the model from previous model xations
or from the peripheral pre-saccadic view, then changing the colors of blocks in the model pattern
should have no e ect. Similarly, if the color of the block currently being carried is changed during
the return saccade, we expect longer xations as a consequence of task interference.
Data for this experiment is shown in Figure 4 for the individual subjects. Each plot shows the
total time the subject spent xating in the model area in several cases. That is, if the subject made
two di erent xations in the model area these were summed. This was done because interference
with the task might reveal itself as either a xation on another block or longer xations on the
same block. On the right of each plot is the summed xation duration for the control trials, where
no color changes occurred. On the left is the average xation duration on trials when the changed
block was the one the subject was about to copy. Other categories are when the changed block was
adjoining the current block, diagonally adjacent, or remote. This allows us to compare the e ects
of changes in the attended areas with more remote locations. The lower line is for trials when
the change was made during the workspace to model transition, following placement of a block in
workspace, and before visiting the resource area to pick up the next block. The upper line shows
data for trials when the change was made following a pickup in the resource area, before placement
15

in the copy.
Figure 5 shows the average across the ve subjects in Figure 4. When the changed block was
the target of the saccade, on average there was a small (43 msec) increase in xation duration for
changes preceding pickup (Before Pickup condition). All subjects showed an increase of about this
magnitude, although it was not statistically signi cant for any of the individual subjects. There
was no reliable e ect when the changed block was adjacent to the targeted block, although again,
all subjects showed an increase. Thus it appears that task performance is little a ected by changing
the color of the target block during the saccade, at least to a rst approximation. This supports
the speculation that the color of the next block is acquired during this xation.
In the After Pickup condition, when the change was made at a di erent stage of task performance, when subjects were carrying a block, changing the color of the saccade target produces an
increase in xation duration of 104 msec, on the average. Again, all subjects showed an increase
that was statistically signi cant for four of the ve subjects. Comparing the Before and After
Pickup conditions suggests that a color change may be more disruptive after pickup, although the
interaction term is not statistically reliable. A priori, such a di erence might be expected, since
the color of the current block must be held in memory at this stage of the task, in order to get
information about block position. When one of the neighboring blocks is changed, there is an
increase in xation duration. None of these increases was statistically signi cant.
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Figure 4: Summed xation time in the Model area for the Before Pickup and After Pickup conditions for each of ve

subjects. In each plot the leftmost data points show the xation time when the saccade target was the block currently
worked on. The other data points show the cases when the changed block was adjacent or remote from the current
block.The rightmost points are the control. The error bars represent +/- one standard error of the mean di erence
between experimental and control conditions. Thus the SEMs around the control conditions are always zero. The
data points for the control conditions are based on approximately 1000 trials; for the Same Block conditions, between
15 and 45 trials; for the other conditions the number of trials ranged from 40 to 130.
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Experiment 2: Multiple Changes
Changing the color of a single 1.5 deg block in the context of a random pattern of colored blocks is
from some perspectives a rather small change. In order to get a better idea of the representation
of the visual information maintained over a period of a few seconds across di erent xations, we
need to explore a wider range of changes. The next step was to change several blocks in the model
instead of just a single block. One extreme possibility is that only the immediately task relevant
information is computed. On this view, changes in the any of the uncopied blocks should have no
e ect on task performance, and this should give results similar to those in the rst experiment.
This is not likely to be strictly true, because in the normal performance of the task subjects copy
some proportion of the blocks without reference to the model pattern. However, it is quite possibly
the case on the trials where subjects make two xations on the model pattern. The next experiment
explores the consequences of these larger changes.
The experiment was repeated, but now the colors of all unworked blocks were changed on a
proportion of the saccades into the model area, either following block placement in the workspace,
or following block pickup in the resource, as in the previous experiment. When the change occurred
near the beginning of the copying task, as many as seven blocks were changed. When the change
was made near the end of the task, a smaller number of blocks changed. A change was made on
about six to ten percent of transitions into the model area. All other aspects of the experiment
were the same as the rst one.
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Results
The data are plotted in Figure 6 for the individual subjects. The lower line shows xation durations
in the model area following placement of the previous block and before pickup of the next block.
The upper line shows the data when the change was made following pickup. In this experiment,
since all the unworked blocks change, the block the subject is targeting in the model area will always
change color, along with a variable number of other blocks. All trials where a change occurred were
combined in the gure and compared with the control trials.
Figure 7 shows the data averaged across subjects. Color changes before a pickup give a statistically reliable increase in summed xation duration of 127 msec averaged across four subjects.
Changes made following pickup have a more profound e ect. Summed xations in the model are
are increased by 275 msec, averaged over subjects. This increase is signi cantly greater in the After
Pickup condition than Before Pickup. This provides further evidence that subjects retain the color
of the current block at this stage of the task, since it is necessary for getting position information.
Thus it appears that the color information from the pre-saccadic peripheral view or, more plausibly,
from the prior model xation is retained when it is currently task-relevant.
It appears that there is a greater disruption of task performance when several blocks are changed,
than in the rst experiment where only the target block changes (127 vs. 43 msec before pickup, and
275 vs. 104 msec after pickup). This is true for each of the three of the subjects who performed both
experiments. Changing the color of the uncopied blocks is not obviously relevant to the ongoing
20
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Figure 6: Summed xation time in the Model area for the Before Pickup and After Pickup conditions for the

individual subjects in Experiment 2. Error bars represent +/- one standard error of the mean di erence between
experimental and control conditions. Data points for the control trials are based on approximately 1000 measurements;
for the color change trials, the number of measurements ranged from 30 to 170.
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Figure 7: Summed xation time in the Model area for the Before Pickup and After Pickup conditions in Experiment
2. The data are averaged across the four subjects. Error bars represent +/- one standard error of the mean di erence
between experimental and control conditions, across subjects.

computation of acquiring color of the xated block. Thus some global aspect of the model pattern
must be preserved across xations, since changing irrelevant blocks interferes with performance.
As mentioned above, the data plotted in Figure 5 and Figure 7 show the total time spent xating
in the model area, and does not di erentiate between individual xations. Thus the added time
might be accounted for by another xation or by longer individual xations. To investigate this
question, we separated the data where only one xation was made from that where two (or more)
xations were made. When the block the observer has just picked up changes color, the observer
must either pick up a block of the new color at that location, or alternatively, nd a model block
of the appropriate color in a di erent position. Subjects almost never picked up a new block, but
instead found a new place to put the block they were holding. This was frequently accompanied
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by an additional xation.
Figure 8 shows histograms of xation durations for subject RL in the second experiment. The
four distributions on the left show data from the Before Pickup condition, the four on the right,
the After Pickup condition. In both conditions the upper two graphs are for the trials in which
subjects made only one xation in the model area. The top graph is for the xations that occurred
after color changes, the one below it for control xations in which no colors change. The bottom
two graphs correspond to trials where the subject made more than one xation in the model area.
In these graphs xation duration refers to sum of the consecutive xations in the model area. The
distributions for the experimental conditions are biased to longer durations even when only one
xation was made. Thus individual xations are longer following a change. Other subjects' data
showed a similar pattern.
This increase in the duration of individual xations does not account for the entire e ect,
however, as shown in Table 1 and Table 2 The Tables show the proportion of visits to the model
area that consisted of more than one xation. Table 1 is for Experiment 1, and Table 2 is for
Experiment 2. Data for the Before Pickup condition are on the left, and for the After Pickup
condition on the right. In the After Pickup condition, the proportion of double xations increased
in the experimental conditions. Thus the color change increases the number of xations within the
model area. In the rst experiment the increase is more modest and is not observed at all in the
Before Pickup condition. In the second experiment the increase is greater, particularly in the After
Pickup condition. Thus the increases in time spent in the model area in Figure 5 and Figure 7
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Figure 8: Histograms of xation durations for subject RL. Histograms A and B are for model xations Before Pickup.

C and D are for xations After Pickup. In A and C, the distributions of xation durations are for those instances in
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where two or more xations were made during a visit to the model area. Within each box the top distribution is
for the experimental trials, and the bottom one is for the control trials. Fixation durations are in msec, and the
frequencies scaled relative to the total number of trials per histogram.
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Subject
1.
2.
3.
4.
5.

Before Pickup
After Pickup
Changes Control Changes Control
0.14
0.36
0.12
0.38
0.46

0.17
0.40
0.12
0.25
0.32

0.26
0.72
0.08
0.26
0.59

0.18
0.50
0.13
0.12
0.52

Table 1: Proportion of double looks for ve subjects in Experiment 1.

Subject
1.
2.
3.
4.

Before Pickup
After Pickup
Changes Control Changes Control
0.11
0.66
0.17
0.35

0.09
0.47
0.12
0.38

0.26
0.71
0.34
0.64

0.07
0.34
0.07
0.22

Table 2: Proportion of double looks for four subjects in Experiment 2.
come partly from longer individual xations and partly from additional xations.

Strategies
Another way of evaluating the e ect of the display changes is at a coarser level of description of task
performance. As described above (see Figure 2), individual block moves can be categorized into
four di erent strategies: Model-Pickup-Model-Drop, Model-Pickup-Drop, Pickup-Model-Drop, and
Pickup-Drop. The Pickup-Drop strategy clearly reveals that some memory from previous looks at
the model is used in completing the task. We can collapse these strategies into three: Two or More
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Figure 9: The relative frequency of the di erent strategies involving either zero (Pickup-Drop), one (Pickup-ModelDrop or Model-Pickup-Drop), or two or more (Model-Pickup-Model-Drop) looks to the model area, averaged over
subjects. Black bars represent strategies used in experimental conditions, white bars show strategies used in the
control conditions.
Looks, One Look, No Looks, depending on how many times the S inspects the model pattern in
the process of copying a block. Figure 9 shows the di erence between experimental and control
conditions. There are small but consistent changes in strategy as a result of the manipulation.
All subjects reduce the number of Zero Looks slightly and increase Two or More Look strategies.
These goes up on the average from 38 to 44 percent of the time, t(8) = 5.27, p < .01, in the model
area, and there is a drop in Zero Look strategies from 15 percent to 11 percent, t(8) = -3.26, p <
.01. These changes in the frequency of model inspections are small but are statistically reliable and
presumably re ect the fact that subjects normally depend to some extent, on memory for model
items from previous xations.
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Perceptual Awareness
Except for experiments in a reading paradigm, it is more common to ask the subject what changes
can be detected during a saccade (eg how big a displacement is detectable), rather than examining
the consequences of a change in an ongoing task. Thus attention is being deployed in a di erent
manner. We were concerned in this experiment that the subject's primary task be copying the
blocks rather than detecting changes, so they were not informed that changes were being made. At
the end of the rst experiment, subjects were asked if they noticed any changes. Based on their
verbal report, it appeared that subjects noticed only occasional changes. This is remarkable given
that changes after pickup were often associated with a second xation onto a neighboring block.
Thus conscious reports of the experimental manipulations appear to be a less sensitive measure
than xation durations or strategy e ects. In the second experiment subjects were more aware
of the display changes, but still greatly underestimated their extent. In this experiment, after
observers MS and RL became aware that changes were occurring, they were asked to report how
many blocks changed color after completing a pattern. These responses are plotted in Figure 10,
which shows the frequency distribution for the number of blocks the subject reported as changing.
Also plotted on this graph is the frequency distribution of the number of blocks which actually
changed. Note that in most cases the subject typically saw only one block change, although the
modal change was seven blocks. Subject RL showed a similar pattern, and usually reporting seeing
two of six actual changes. This seems particularly signi cant given that the subject is presumably
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Figure 10: . The frequency of the number of blocks (per pattern) seen to change (black bars) compared with
number actually changing (white bars) for subject MS. If two changes occurred while copying a single pattern, the
sum of the blocks changed is reported here. (e.g. a trial in which rst 4 blocks changed color and then 3 more changed
color is reported as a 7). This is because the S only reported the total number of blocks that changed color during
the trial after the end of the trial.
attending to only a single block. Note also that on 25 of the 206 experimental trials, no change
was apparent to the observer. Not surprisingly 22 of these 25 occasions were in the Before Pickup
condition in which little memory is required on the part of the subject.

Discussion
In summary, if a color change is made in a single block during the saccade to the model at the
beginning of a block move, there is at most a small increase in xation duration (43msec). When
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the change occurred following block pickup, however, a clear increase in xation duration was
observed (106msec). In the second experiment, the e ect of the change also depends on when it
is done in the task. Fixation durations increased by 275 msec when changes were made following
pickup, versus 127 msec before pickup. In this experiment all the uncopied blocks were changed
in addition to the target block. This had generally greater e ects than the rst experiment, both
before and after pickup, even though the non-targeted blocks were not immediately relevant to the
task. In both experiments, the frequency of the di erent copying strategies was a ected slightly,
with the proportion of double look strategies increasing at the expense of the zero look strategies.
In addition, an analysis of the source of the longer average time spent xating the model pattern
revealed that display changes increased the likelihood that two or more individual xations would
be made within the model area on any given visit. This was true for both experiments, but was
largest in the second experiment and a ected only the xations following pickup.
An important feature of these results is that the same display change a ects performance in a
di erent way, depending on when it comes in the task. This supports the suggestion that the rst
and second xations in the model area serve a di erent purpose. After block pickup, the color of
the current block in the model is needed to identify the right location for placement in the copy,
wheras at the beginning of a block move it has little consequence unless the color has been retained
from prior exposures. This result therefore provides strong evidence that block color is acquired in
the rst xation, and its relative location in the second. Thus it appears that the color information
is preserved across changes in gaze when the immediate task requires it. This might come from the
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immediately preceding peripheral view or from the prior model xation.
Although it is fairly clear that display changes slow down task performance by about 100-200
msec when the change follows a pickup, it is dicult to evaluate the 40 msec e ect when only one
block is changed before pickup. All observers show a comparable slowing, but this was small relative
to the within subject variance. Even if we suppose that the increase is reliable it would be dicult
to argue that this increase implied carry over of the color from the prior view. When the observer is
xating in the model area, the average time spent is about 350 msec. During this period the observer
must get the color, select a corresponding color in the resource area, and initiate the saccade. These
processes go in parallel to some extent, and estimates of the time required to acquire simple feature
information are in the range of 100-300 msec [Eriksen and Eriksen, 1971, T.Salthouse et al., 1981],
so 40 msec seems unlikely to be long enough for complete acquisition of a new color. If we estimate
color acquisition as needing 200msec, say, then an average value of 40 msec might result from this
extra time being required on about 20 percent of the experimental trials. This would mean that on
the majority of trials, there is no record of the color of the target block from prior model xations,
and color is indeed acquired during the xation. This is interesting since the peripheral location
must be selected as the saccade target somehow, and it appears that this target selection process
involves a di erent kind of information from that acquired during foveation. This is consistent with
a special computational role for foveation [Ballard et al., 1995].
The increased e ectivness of the display changes in the second experiment is also important.
This increase is observed both before and after pickup, even though the additional blocks that were
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changed were not the ones being worked on. Thus changes in irrelevant blocks appear to a ect
performance. This suggests that there is some global aspect of the con guration that is carried over
between xations. One possibility for explaining this would be if the location of the current block
in the model area is encoded relative to the neighboring blocks. Some mechanism like this seems
tro be necessary for keeping track of one's place in the task. In this case, changes in the color of
neighboring blocks changes the contextual information and this may be necessary for programming
the saccade to the target block before pickup and for the return saccade to the model after pickup.
One possible mechanism for realizing this is described in [Rao and Ballard, 1996]. This work is also
discussed in [Ballard et al., 1996].
One important issue in considering the copying task is the extent to which the xations actually re ect the immediate visual representation. For example, the relative slowness of the hand
movements might allow extra xations that are not really necessary. In previous work we have
examined this question by manipulating various aspects of the task in ways that vary the need
for xations. The frequency of model xations can be reduced by stimulus manipulations that
allow visual chunking, for example, and by display con gurations that require large head movements [Ballard et al., 1995, Pelz, 1995]. If subjects are obliged to use memory by removing the
display, however, only 2 blocks can be copied without error [Ballard et al., 1992]. These observations suggest that the xations are indeed diagnostic of information-gathering state. In addition, the task dependency we observe in the present experiments, supports our earlier suggestion
[Ballard et al., 1995] that the two xations in the model area serve a di erent purpose: the rst
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xation in the model area is to acquire color information, and that the second xation is for relative
location of the current block. Thus the computational role of xation is to acquire information just
prior to its use. It also indicates that the information that is retained from the immediately prior
xation depends on the ongoing cognitive operations, and is not for the purpose of maintaining
a general purpose spatial representation independent of the observer. This is an important result
for a number of reasons. The rst is that it suggests that visual processing may be much more
task driven, or top down, than is commonly supposed, even for simple feature information such
as color. This view has also been presented by [Churchland et al., 1994] as well as in earlier work
[O'Regan and Levy-Schoen, 1983, O'Regan, 1992, Nakayama, 1990]. The idea of an elaborate scene
model is perhaps clearest in the computer vision literature, where until recently the goal of the
models has been primarily one of reconstruction of a general purpose, task independent representation of the visual world [Marr, 1982]. However, the result that the same display changes a ect
xation durations depending on the observer's momentary place in the task suggests that human
vision may create only those perceptual descriptions that are currently necessary, and that xation
plays a crucial role in this process [Ballard et al., 1995, Ballard et al., 1996].
The task dependency observed here provides a context for interpreting results of a range
of experiments which use the technique of changing the visual stimulus during a saccade. For
example, experiments in reading show that certain changes in the parafoveal word that is the
target for the next saccade, such as case changes, go undetected [McConkie and Rayner, 1976,
McConkie and Zola, 1979]. Such results are usually interpreted in terms of the level of the pre32

served information (features/ semantic content etc). In a reading paradigm, the ongoing task is
to extract meaning. Thus a consistent interpretation is that it is the immediately task relevant
information which is retained. It may also explain the wide variation of estimates of sensitivity
to shifts in position of an isolated stimulus during a saccadic eye movement (from about 7 to 30
per cent of the saccade size, [Li and Matin, 1990, Bridgeman et al., 1975, Bridgeman et al., 1994,
McConkie and Currie, 1996]. It seems likely that some of this variation may result from the subject's attentional deployment in response to the implicit task called for by the instructions. Thus
in experiments on changing the gain of saccadic eye movements, the subject's task is to simply
xate the stimulus as it jumps around rather than detecting changes during a saccade. In this case
changes of stimulus position during a saccade of as much as 40 per cent can go unnoticed by the
subject[Albano and King, 1989].
The issue of the complexity of the visual representation is often confused with the issue of
whether visual information is integrated across di erent eye positions. An internal scene representation is usually assumed to re ect information acquired from several xations, so evidence that
visual information can be integrated across eye movements has been seen as important evidence for
this kind of view. The issues are separate, however. Humans can clearly integrate visual information
across eye movements when they are required to do so [Hayhoe et al., 1992, Hayhoe et al., 1991],
and some ability to relate information across time and space is necessary for coordinated action.
An important feature of the results in the experiments described here is that the observers
were only occasionally aware of the change, even on those trials when the current block was
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changed and some disruption of performance was observed. A number of recent investigations
also reveal considerable insensitivity in the perceptual report of quite striking display changes
[Rensink et al., 1996, O'Regan et al., 1996, McConkie and Currie, 1996]. In the present experiment however, evidence of task interference was observed for all but the single block change preceding pickup. Thus it appears that xation duration, strategy frequency, and the proportion of
double xations are all more sensitive indicators than perceptual report in revealing how the brain's
representations control ongoing behavior. This implies that reported detection of such changes may
not re ect the e ect of display manipulations on visual function. Thus multiple block changes led
to reports that only one or two had changed. This awareness presumably results from the e ects
of attention at the location of the current block. Changes in the other blocks a ected xation durations but were not reported. One way of understanding this di erence is to distinguish between
the two di erent levels of description relevant to task performance. Our everyday experience of
the world may re ect events over a longer time scale than those revealed by individual xations
[Ballard et al., 1996]. Perceptual insensitivity to display changes makes sense if conscious experience corresponds to brain state at a time scale of the task, using task relevant variables such as 'Next
block', 'Pickup' and 'Putdown'. This time scale and variables describe short term memory. The
perceptuo-motor machinery that governs the xations and operations within a xation presumably
runs at a shorter time scale with di erent primitives. The longer and more frequent xations and
probabilistic shifts in strategies observed in this experiment re ects the e ect of the changes at this
time scale. In this experiment, for example, (and indeed in most natural performance) observers
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are not conscious of the eye movements themselves, but primarily of events described in task terms,
such as seeing a red block, picking it up and putting it in the correct place in the copy. This is the
appropriate time scale for goal directed behavior. If awareness corresponded to the act of moving
the eyes themselves (as one can do if instructed) this would mean representing the eye movement
explicitly as a variable in short term memory, rather than as an autonomous process. This would
compete with events pertinent to the task, if we view short term memory as a (capacity limited)
system that functions with a small number of variables [Ballard et al., 1996].
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