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Terao, Yasuo, N. E. Micael Andersson, J. Randall Flanagan, and
Roland S. Johansson. Engagement of gaze in capturing targets for
future sequential manual actions. J Neurophysiol 88: 1716–1725,
2002; 10.1152/jn.00101.2002.We investigated the role of saccadic
gaze fixations in encoding target locations for planning a future
manual task consisting of a sequence of discrete target-oriented ac-
tions. We hypothesized that fixations of the individual targets are
necessary for accurate encoding of target locations and that there is a
transfer of sequence information from visual encoding to manual
recall. Subjects viewed four targets presented at random positions on
a screen. After various delays following target extinction, the subjects
marked the remembered target locations on the screen with the tip of
a hand-held stick. When the targets were presented simultaneously
among distracting elements, the overall accuracy of marking increased
with presentation time and total number of targets fixated because the
subjects had to serially fixate the individual targets to locate them.
Without distractors, the marking accuracy was similarly high regard-
less of duration of target presentation (0.25–8 s) and number of targets
fixated; it was comparable to that with distractors when all four targets
had been fixated. This indicates parallel encoding of target locations
largely based on peripheral vision. Location memory was stable in
these tasks over the delay periods investigated (0.5–8 s). With parallel
encoding there was a “shrinkage” in the visuomotor transformation,
i.e., the distances between the markings were systematically smaller
than the corresponding inter-target distances. When the targets were
presented sequentially without distractors, marking accuracy im-
proved with the total number of targets fixated and shrinkage in the
visuomotor transformation occurred only with parallel encoding, i.e.,
when subjects did not fixate the targets. In all experimental conditions
for trials in which targets were fixated during encoding, there was
little correspondence between the marking sequence and the sequence
in which the targets were fixated. We conclude that subjects benefit
from fixating targets for subsequent target-oriented manual actions
when the targets are presented among distractors and when presented
sequentially; when distinct targets are presented simultaneously
against a blank background, they are efficiently encoded in parallel
largely by peripheral vision.

I N T R O D U C T I O N

In natural activities, subjects control gaze shifts and fixations
proactively to gather spatial information for planning and con-
trol of subsequent actions. Proactive control of gaze has been

shown in driving (Land 1992; Land and Horwood 1995; Land
and Lee 1994), music reading (Goolsby 1994; Kinsler and
Carpenter 1995; Land and Furneaux 1997), typing (Inhoff and
Wang 1992), walking (Patla and Vickers 1997), throwing in
basketball (Vickers 1996), putting in golf (Vickers 1992), and
batting in cricket (Land and McLeod 2000). In manipulatory
tasks, gaze fixations support the planning of hand movements
by marking key positions to which the fingertips or grasped
object are directed (Ballard et al. 1992; Johansson et al. 2001;
Land et al. 1999; Smeets et al. 1996; see also Abrams et al.
1990; Binsted and Elliott 1999; Bock 1986; Neggers and
Bekkering 2000; Pélisson et al. 1986; Prablanc et al. 1986).
Natural manipulatory tasks usually consist of a series of phases
for which gaze fixations of critical landmarks—through retinal
and extraretinal information—provide spatial reference points
(Johansson et al. 2001; Land et al. 1999). Therefore memory
could be useful to buffer visually acquired spatial information
across successive action phases. Ballard et al. (1992) examined
eye-hand coordination when subjects arranged a series of col-
ored blocks to match a visible model. They concluded that
subjects used memory of the model to guide the hand actions
but for no more than one or two subsequent action phases.
Ballard suggested that subjects prefer to repeatedly view the
model to avoid overloading working memory. However, mem-
ory may play a greater role in many natural situations in which
we are engaged in multiple tasks in visually complex environ-
ments (Kowler 1995). For instance, when we reach for a spoon,
take sugar from a basin, and put it in our morning coffee while
reading the newspaper, we largely rely on memory and/or
peripheral vision to guide our manipulatory actions.

In the present study, we investigated the role of saccadic
gaze fixations in extracting information from a scene for plan-
ning a future manual task consisting of a sequence of discrete
manipulatory actions. Subjects viewed a display including four
targets and then, after the targets were extinguished, used a
hand-held stick to mark the remembered locations of the tar-
gets on the same display. Thus the subjects had to encode the
locations of the targets in memory while exploring the scene
and then had to recall these locations to perform the task. In
natural environments, objects toward which manipulatory ac-
tions are directed may be visually salient and located primarily
by peripheral vision whereas in other instances, visual search
may be required for target detection based on central vision. To
experimentally address these two conditions, we examined two
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types of scenes: one in which the four targets were presented
against a blank background and one in which they were pre-
sented among distractors. With distractors, subjects had to
search for and fixate the targets, whereas, without distractors,
the targets could be detected by peripheral vision. In addition,
we also manipulated the time of target presentation. With the
shortest presentation, hardly any eye movements could be
made prior to target extinction and encoding of target local-
ization relied largely on peripheral vision. With longer presen-
tations, subjects had enough time to fixate the targets. We
tested the hypothesis that target fixation is necessary for opti-
mum encoding of target location. That is, we predicted that the
accuracy of manual performance would increase with the num-
ber of targets fixated. We also predicted that subjects would
strive to fixate all targets. Second, given that memory for a
scene may not only contain spatial features but also informa-
tion about the gaze sequence used while capturing the scene
(Noton and Stark 1971a,b), we also investigated whether there
is a transfer of sequence information from visual encoding to
manual recall. That is, we tested the hypothesis that the se-
quence by which the remembered locations of the targets are
marked reflects the order of fixations used while visually
capturing the targets.

M E T H O D S

Subjects and general procedure

Sixteen subjects participated in the present experiments after pro-
viding informed consent. The experimental protocol was conducted
according to the declaration of Helsinki. None of the subjects required
corrective lenses or had a history of ophthalmological or neurological
disease. While seated behind a table, the subject could see a computer
screen (28 � 21 cm, Sharp Color TFT-LCD Module, Tokyo, Japan,
with SVGA interface) located on a horizontal support surface formed
by the top of a wooden stand placed on the table. The screen was
aligned in a frontal plane, termed the work-plane, and the center of the
screen was located 45 cm straight in front of the subject’s eyes.

In each trial, four white targets were presented for a specified
duration against a black background (Fig. 1A). During this encoding
period, the targets were presented either simultaneously or sequen-
tially at randomly selected locations on the screen. The choice of four
targets was based on Treisman’s suggestion (1999) that in studies of
working memory, the attentional limit is around four elements during
perception of brief displays. Furthermore, observers can enumerate up
to four objects rapidly and accurately, whereas greater numbers take
far longer and are enumerated less accurately (Pylyshyn 2000). Fol-
lowing a delay period after the targets were extinguished, the subjects
used a stick, held by the preferred hand, to mark the remembered
target locations on the blank screen (recall period).

Apparatus

The stick used to mark the targets was 15 cm long and 1.3 cm in
diameter. The distal 6.0 cm of the stick was conical, making it
pointed. The three-dimensional position of the tip of the stick was
recorded at 60 samples/s using a miniature electromagnetic position-
angle sensor (FASTRAK, Polhemus, Colchester, VT) attached at the
proximal end of the stick. In the experimental environment, the
accuracy of the position measurements was �0.2 cm in the plane of
the screen. To reduce electromagnetic interference, the metal frame of
the TFT-LCD screen had been removed.

The apparatus for gaze recording has been described previously
(Johansson et al. 2001). Briefly, we used an infrared video-based
eye-tracking system (RK-726PCI pupil/corneal tracking system,

Iscan, Burlington, MA) to record the position of gaze of the right eye
in the plane of the screen at 120 samples/s; the view of the left eye was
always blocked. The eye-imaging camera together with the infrared
light source and the dichroic mirror were mounted on a wooden frame
that was fixed to the table. To stabilize the head, subjects bit on a
U-shaped stainless steel plate anchored to the support frame of the
apparatus. Both sides of the plate were coated with dental wax, and
the head was effectively stabilized by impressions of the dentition
made in the wax prior to gaze recording. We used a two-step calibra-
tion procedure to obtain gaze data with satisfactory spatial accuracy
(Johansson et al. 2001). An initial calibration using Iscan’s “Line-of-
Site Plane Intersection Software” was followed by calibration mea-
surements repeatedly taken during the experiments using a nine-point

FIG. 1. Tasks and assessment of performance. A: each of the 3 different
types of target presentations (simultaneous presentation of targets with and
without distractors and sequential target presentation) were followed by a
delay after which the subjects marked the remembered locations of the targets
on the display using the tip of a hand-held stylus. In the sequential target
presentation the 4 targets (E) appeared sequentially on the blank screen. B:
schematic illustrations of the error measurements used to assess manual
performance.
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calibration array. The nine calibration points (3 rows and 3 columns)
covered an 18 � 12-cm (width � height) area centered on the screen;
the targets were always located within this area. In each calibration,
the nine points were measured twice, and calibration measurements
were taken every 10–30 trials. Each sampled data point during the
experiment was calibrated off-line using data obtained from the near-
est calibration measurements before and after the point. A satisfactory
gaze recording required fixing the subject’s eyebrow in an uplifted
position by attaching tape between the eyebrow and the forehead in a
manner that did not prevent the subject from blinking. The standard
deviations of the error distributions of gaze position measurements in
the horizontal and vertical dimensions were 0.50 and 0.52° angle of
gaze (see Johansson et al. 2001 for further details). This corresponds
to 0.39 and 0.41 cm distance in the work plane, respectively.

A PC (microcomputer) was used to control the experiments (target
presentations, delay periods, etc.). Data were sampled and analyzed
using the SC/ZOOM system (Physiology Section, IMB, Umeå Uni-
versity). Gaze and kinematic data were time-synchronized and stored
at 200 Hz using linear interpolation between consecutive measure-
ments.

Tasks
ENCODING AND RECALL. Target presentation— encoding. Three
types of displays were employed for target presentation (Fig. 1A):
simultaneous presentation with targets embedded among distractors,
simultaneous presentation without distractors, and sequential presen-
tation without distractors. For each display, center positions of the
four targets were randomly selected from an imaginary orthogonal
grid array (14 vertical columns � 8 horizontal rows) where adjacent
grid points were separated by 13.6 mm in the horizontal direction and
16.4 mm in the vertical direction. Before and after the target presen-
tation, the monitor screen was blank.

For simultaneous presentation with distractors, all four targets were
white with a C-shaped form, and the distractors, located at the re-
maining positions of the imaginary grid, were U-shaped (Fig. 1A).
Both the targets and the distractors were 3.4 mm (0.43°) in width and
4.1 mm (0.52°) in height. Central vision was required to discriminate
the targets from the distractors (see RESULTS). During simultaneous
presentation without distractors, the target positions were selected
randomly and the remaining grid positions were blank. During se-
quential target presentation, the four targets appeared sequentially at
random locations on the blank screen; each target disappeared when
the next appeared. The targets were white circles 3.4 mm in diameter
(0.43°), and there were no distractors.

Hand actions—recall. After a delay period following the end of the
target presentation, an auditory cue (1,000-Hz tone for 150 ms)
instructed the subjects to start marking each of the remembered target
locations on the blank screen. The subjects were instructed to lift the
stick from the screen between consecutive markings rather than to
slide it over the screen. The coordinates of the tip of the stick when it
approached the screen within a distance of 1.5 mm were taken as the
marked position of a target. The subjects were instructed to always
make four markings even if they were uncertain about the target
locations and were encouraged to be as precise as possible. No
instruction was given as to the sequence in which the four locations
were to be marked. The trial ended after four positions had been
marked. At that point, the subject received feedback about their
performance; the mean absolute distance between the actual and
marked target locations was numerically displayed on the screen for
0.5 s (see Data analysis). The subsequent trial commenced 1–2 s after
the feedback was extinguished and the screen went blank. In all tasks,
subjects were free to move their eyes as they wanted. In control
experiments, we assessed the intrinsic inaccuracy of the marking
process by having the subjects perform the marking task with visible
targets. The marking error measured as the straight distance between
the recorded location of the tip of the stick and the center of the target

was 0.34 � 0.03 (SD) cm for the display without distractors and
0.34 � 0.02 cm for the display with distractors.

TEST SERIES. Ten subjects (6 males, 4 females, age 20–31 years; 8
right-handed, 2 left-handed) performed one test series with simulta-
neous presentation of targets with distractors and one series without
distractors. In each series, the targets were presented for 10 different
durations (0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 s). There were
10 trials for each of these durations for a total of 100 trials, and the
various durations occurred in an unpredictable sequence. The delay
period between target presentation and the auditory cue that instructed
the subjects to start marking the target locations was fixed at 0.5 s. To
assess the possible influence of the delay period on the marking
performance, six different subjects (3 males, 3 females, age 19–33
years; 5 right-handed and 1 left-handed) participated in separate
experiments with simultaneously presented targets (with and without
distractors) where nine different delay periods were used (0.5, 1.0,
2.0, 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0 s). There were 10 trials for each of
these durations for a total of 90 trials, and the various delays occurred
in an unpredictable sequence. The duration of target presentation was
fixed at 8 s.

The same six subjects participated in the test series with sequential
target presentation. Each of the four sequentially appearing targets
stayed on the screen for 0.2, 0.5, 1.0, or 2.0 s in different blocks of
trials with the entire encoding period lasting for 0.8, 2, 4, or 8 s,
respectively. Each block consisted of 40 trials.

The average center-to-center distances between all pairs of targets
during simultaneous presentation with and without distractors and
sequential presentation were 8.1 � 4.0, 8.3 � 4.0, and 8.1 � 4.0 cm,
respectively. The corresponding median values were 8.0, 8.1, and 7.8
cm. For all test series, the distances ranged from 1.4 to 21.0 cm. Thus
the separation of the targets was on average about 10° visual angle and
the most eccentric targets were located 13.4° from the center of the
screen. With this rather limited target separation, the head-fixed
condition in the present experiments should not have compromised
appreciably the subjects marking performance (e.g., Biguer et al.
1984). The sequence of the test series performed by each group of
subjects was counterbalanced across the subjects involved.

Data analysis

GAZE MEASUREMENTS. We measured the positions of gaze fixa-
tions during the encoding period. The onset and end of each
fixation were defined as the times when gaze velocity (low-passed
filtered at 30 Hz with a second-order Butterworth filter) decreased
below and exceeded 15 cm/s (19.1°/s), respectively. Fixation of a
target was deemed to have occurred when gaze stayed within a radius
of 2 cm (2.6°) from the center of a target for at least 50 ms (see
RESULTS).

MEASURES OF MANUAL PERFORMANCE. We first determined which
of the four marked locations most likely corresponded to the four
targets by finding the combination that was associated with the min-
imum sum of squared distances between the targets and the marked
locations. As a measure of manual performance, we computed the
absolute marking error by taking the mean value across the four
targets of the straight distance between the location of the center of the
target and the corresponding marked location. The error was further
decomposed into three components: translational error, magnifica-
tion error, and rotational error (Fig. 1B). We defined the translational
error as the vectorial distance between the “center of gravity” for the
target locations and that of the corresponding marked locations. The
location of the center of gravity was defined by the mean x and y
coordinates of the relevant locations. The magnification factor is an
error measure that refers to the “expansion” or “shrinkage” of the
shape defined by the four marked locations with reference to the
corresponding shape defined by the target locations. To estimate this
factor, we first computed, for each of the six inter-target distances
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given by the four targets, the ratio of the distance between the marked
locations and the corresponding target locations. The magnification
factor was then defined as the mean ratio for the six inter-target
distances. A factor greater than unity indicates an overall expansion of
the marked image, whereas a factor less than unity indicates shrink-
age. The rotational error was defined as the average angular error
between the marked locations and the corresponding target locations
where the center of gravity of the target locations defined the origin of
rotation. The rotational error was computed after the center of gravity
of the marked image had been translated to that of the target image
and then scaled by the inverse of the magnification factor. The
percentages of absolute marking error attributed to the translation,
magnification, and rotational errors corresponded to their contribution
to the absolute marking error, respectively, as scored during this
stepwise procedure. That is, the order by which these error measures
were computed would influence the estimate of their contribution,
with the exception of the magnification factor. The error that remained
after translating, magnifying, and rotating the marked locations is
referred to as the residual error.

TRANSFER OF SEQUENTIAL INFORMATION BETWEEN ENCODING
AND RECALL. For simultaneous presentation of targets among dis-
tractors, we analyzed whether the sequence in which the gaze located
the targets was related to the sequence in which the targets were
marked. We restricted the analysis to trials in which the subjects had
foveated all targets [fixations within a distance of 2 cm (2.6°) from the
center of each target]. We likewise excluded trials in which a fixation
simultaneously captured two targets, i.e., the two targets were within
2 cm of a fixation point. For sequential presentation, we analyzed
whether the sequence in which the targets were presented was related
to the sequence in which they were marked. Again, we restricted the
analysis to trials in which the subjects had foveated all targets.

For each trial, the targets were labeled 1–4 according to the
temporal sequence in which they were first fixated during simulta-
neous presentation and presented (and fixated) during the sequential
presentation. For the simultaneous presentation, we also scored the
sequence with which the four targets were last fixated, i.e., it was
noted that targets were sometimes fixated more than once. The order
in which the four targets were marked during recall was then repre-
sented by a sequence of four digits referring to the target labels. For
instance, if the order in which a subject marked the targets was the
same as that with which the targets were fixated, the resulting se-
quence was 1 2 3 4. We separately analyzed the sequence of the first
four fixations and the sequence of last four fixations. To test whether
there was a transfer of sequence information from encoding to recall,
using standard statistical procedures, we calculated the upper 95%
confidence limit for the probability of occurrence of this sequence
postulating that order of marking would have been random; an ob-
served frequency above this limit was taken as an evidence for the
transfer of sequence information.

STATISTICAL ASSESSMENT. We used repeated-measures ANOVAs
to assess the effects of the mode of target presentation, duration of
presentation, and the delay between presentation and recall on error
measures of manual performance as well as measures of gaze behav-
ior. The effect of target fixation on the error measures of manual
performance was also assessed by repeated measures ANOVA.

R E S U L T S

Manual performance after simultaneous presentation of
targets with and without distractors

Figure 2A shows the absolute marking error as a function of
the presentation time for simultaneous target presentation with
and without distractors. This error represented the average
distance between the target locations and the corresponding
remembered locations marked on the screen. Without distrac-

tors, the absolute error did not vary with target presentation
time [F(9,81) � 1.39, P � 0.19]. The mean error was 1.16 cm.
In contrast, when the targets were presented among distractors,
the error was influenced by the presentation time [F(9,81) �
49.76, P � 0.001]. The error was greatest (mean: 4.68 cm) at
the shortest presentation time (0.25 s; chance performance was
estimated at 4.66 � 0.13 cm) and decreased with increasing
presentation time. At the 8-s target presentation time, the error
(1.23 cm) was comparable to that observed without distractors
(Student’s t-test: P � 0.69). These results indicate that subjects
needed to fixate the targets to detect and encode their locations
when the targets were presented among distractors, but not
when they were presented without distractors.

TYPES OF ERROR IN THE VISUOMOTOR TRANSFORMATION. For
simultaneous presentation without distractors, the translational,
magnification and rotational errors explained 17.0, 18.6, and
1.7% of the absolute marking error, respectively (mean across
all the presentation times). With distractors, the translational,
magnification, and rotational errors accounted for 16.4, 7.9,
and 3.9 percent of the error.

Figure 2, B–D, plots the translational error, the magnifica-
tion factor, and the residual error for the same data shown in
Fig. 2A. With distractors, all these error measures decreased
reliably with presentation time [translational error, F(9,81) �
27.90, P � 0.001; magnification factor, F(9,81) � 5.12, P �
0.001; residual error, F(9,81) � 28.19, P � 0.001]. In contrast,
without distractors (- - -), the translational and magnification
errors did not change with the presentation time [translational
error, F(9,81) � 1.00, P � 0.44; magnification factor,
F(9,81) � 0.37, P � 0.95]. The presentation time influenced

FIG. 2. Manual performance after simultaneous target presentation with
and without distractors. The absolute making error (A), translational error (B),
magnification factor (C), and residual error (D) were plotted as a function of
the target presentation time. Symbols indicate mean values and error bars
indicate SE for individual subjects.
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the residual error [F(9,81) � 2.22, P � 0.03], but the effect
was small compared to the presentation with distractors.

On average, the magnification factor was greater than unity
for simultaneous presentation with distractors and below unity
for simultaneous presentation without distractors irrespective
of the exposure time. Without distractors, the magnification
factor was 0.92 on average and reliably less than unity (Stu-
dent’s t-test: P � 0.001). Even at the longest presentation time
(8 s), the magnification factor for simultaneous presentation
with distractors (mean: 1.07) was significantly greater than the
magnification factor observed without distractors (Student’s
t-test: P � 0.001).

The rotational error did not vary with the mode of presen-
tation [F(1,9) � 0.45, P � 0.50] or with the target presentation
time [F(9,81) � 0.82, P � 0.60] nor was there any interaction
between these factors [F(9,81) � 0.59, P � 0.81]. Overall, the
rotational error did not differ from 0 degrees (Student’s t-test:
P � 0.06; range: �5.34–3.27°).

In summary, for the longest target presentation (8 s) when
the subjects should have been able to fixate all the targets
during the encoding period, all the error measures except for
the magnification factor were comparable for both types of
presentation. An expansion of the shape defined by the four
targets was observed when marking targets presented simulta-
neously with distractors, whereas shrinkage was observed
when marking targets presented without distractors. Because
the targets were relatively accurately located, the marking error
was not due to the target not being encoded.

TARGET FIXATIONS DURING THE ENCODING PERIOD. To assess
whether a target was fixated during the encoding period, we
first needed to estimate the size of the “functional fovea”—the
variation in gaze positions observed when subjects fixate a
given target. For each target, we analyzed the absolute marking
error as a function of the distance between the target and its
closest fixation point during target presentation. These dis-
tances were sorted in 1-cm bins for this purpose and data
obtained for all presentation times (0.25–8 s) were pooled. We
focused on simultaneously presented targets and separately
analyzed targets presented with and without distractors (Fig.
3). For simultaneous presentation with distractors, the absolute
marking error was small for distances less than 2 cm, averaging
1.61 cm. The error depended on the distance [F(9,81) � 6.09,
P � 0.001] and increased markedly as the distance exceeded 2
cm (Fig. 3, —; only distance less than 10 cm were considered
for statistics because there were few trials with longer distanc-
es). Thus the effective region for target detection was within a
radius of 2 cm (2.6°) from the fixation point, and we considered
a target to be fixated if it was located within
this radius from the measured point of gaze. The gradual
increase in marking error for distances greater than 2 cm was
most probably due to a gradual decrease in the likelihood
of target detection. For targets presented simultaneously with-
out distractors (Fig. 3, - - -), the absolute marking error did
not depend on the gaze-to-target distance [F(9,81) � 0.58,
P � 0.81].

For each trial, we counted the number of targets fixated at
least once and computed the fractions of trials in which 0, 1, 2,
3, or 4 targets were fixated. For simultaneous presentation with
distractors, the subjects could not fixate any of the targets at the
shortest presentation time (0.25 s). The number of targets

fixated increased with the time of presentation (Fig. 4A, top).
At the longest target presentation time (8 s), the subjects
fixated all four targets in 77.5% of the trials and three targets
in 12.5% of the trials. For simultaneous target presentation
without distractors, the number of targets fixated also increased
with the time of presentation (Fig. 4B). However, even at the
longest target presentation (8 s), the subjects fixated all targets
in only 40% of the trials, whereas they fixated two and three
targets in 25 and 22.5% of the trials, respectively. Thus the
subjects were less prone to fixate all targets in the absence of
distractors.

RELATIONSHIP BETWEEN MARKING ACCURACY AND TARGET

FIXATIONS. The lower three panels in Fig. 4A and B relate the
manual performance for simultaneous target presentation with
and without distractors to the total number of targets fixated
during the presentation period. Without distractors (Fig. 4B),
the number of targets fixated influenced neither the absolute
marking error averaged across all four targets [F(4,36) � 1.06,
P � 0.39] nor the magnification factor [F(4,36) � 1.18, P �
0.34]. The residual error decreased slightly with the number of
fixated targets [F(4,36) � 3.39, P � 0.02]. In contrast, when
the targets were presented among distractors (Fig. 4A), the
absolute marking error was markedly influenced by the number
of targets fixated [F(4,36) � 28.92, P � 0.0001]. The error
decreased with the number of targets fixated. When none of the
targets was fixated, the mean error (5.04 � 0.12 cm) was
approximately at chance level, whereas for trials in which all
four targets were fixated, the error was comparable to that
during simultaneous presentation without distractors (Stu-

FIG. 3. The absolute marking error is shown as a function of the distance
between a target and its nearest fixation point during the encoding period (data
grouped in 1-cm distance bins). For each trial, the marking errors for the 4
targets were analyzed separately and pooled (the distance between a target and
its nearest fixation point and the marking error was recorded separately for the
4 targets in each trial). The symbols indicate mean values and the error bars
indicate SE. — and - - -, data obtained during simultaneous target presentation
with and without distractors, respectively. Bottom and top abscissas represent
measurements scaled in distance on the work plane and in degrees of visual
angle. With distractors, note the steep increase in marking error between 2 and
3° visual angle.
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dent’s t-test: P � 0.78). The magnification factor also de-
creased with the number of fixated targets [F(4,36) � 3.46,
P � 0.02]. However, even when all four targets were fixated,
it remained reliably greater than unity (Student’s t-test: P �
0.03). The residual error decreased reliably with the number of
fixated targets [F(4,36) � 35.68, P � 0.001).

Manual performance after sequential target presentation
without distractors

Our results indicate that with distractors, the subjects en-
coded the targets locations serially by successive gaze fixations
whereas without distractors the subject could effectively en-
code the targets in parallel largely using parafoveal and pe-
ripheral vision. In this section, we analyze the manual perfor-
mance when the targets were presented without distractors but
sequentially instead of simultaneously. One interest here is
whether the encoding of target locations depended on serial
gaze fixations or whether they could effectively be encoded

largely by peripheral vision as during simultaneous presenta-
tion without distractors.

During sequential target presentation, the subjects rarely
fixated any of the four targets at the shortest target presentation
duration (0.2 s per target; Fig. 4C, top). With longer presenta-
tion times (0.5, 1, and 2 s per target), the subjects tended to
fixate the targets following their appearance, although they
rarely fixated all targets. Even at the longest presentation time
(2 s per target), the subjects fixated all four targets in only
32.5% of the trials, while they fixated two or three targets in
19.0 and 12.3% of the trials. Thus although the targets were
serially presented, subjects tended to encode their locations
largely based on peripheral vision.

In contrast to simultaneous presentation without distractors,
the absolute marking error was influenced by the number of
targets fixated during the encoding period [F(4,36) � 10.58,
P � 0.001; Fig. 3C, 2nd panel). The absolute marking error
increased as fewer targets were fixated, as during simultaneous
presentation with distractors. However, even in trials where

FIG. 4. Gaze behavior during encoding related to manual performance for simultaneous presentation with (A) and without (B)
distractors and sequential presentation (C). Top: the fractions of trials in which 0, 1, 2, 3, and 4 targets were fixated during the
encoding as a function of time of presentation. Each of the partitions in a column represent the fraction of trials in which a given
number of targets were fixated; for key, see the inset linked to the C, top. Top to bottom: absolute marking error; magnification
factor, and residual error as a function of the number of targets fixated during the encoding. Column height gives mean values and
the error bar represents the standard error of mean for individual subjects.
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none or only one target was fixated, the marking error was
clearly smaller than when the corresponding number of targets
was fixated during simultaneous presentation with distractors
(cf. Fig. 4A and C). Target fixation also influenced the magni-
fication factor [F(4,36) � 13.23, P � 0.001), which increased
with the number of targets fixated (Fig. 4C, 3rd panel). For
trials in which the subjects did not fixate any of the targets, the
magnification factor (Student’s t-test: P � 0.90) was similar to
that with simultaneous presentation without distractors (Stu-
dent’s t-test: P � 0.90). However, when they fixated three or
more targets, the magnification factor was larger than that for
simultaneous presentation without distractors (Student’s t-test:
P � 0.001). Furthermore, for trials in which all four targets
were fixated, the magnification factors during sequential pre-
sentation and simultaneous presentation with distractors were
not reliably different (Student’s t-test: P � 0.2).

In sum, these results indicate that the marking of targets
presented sequentially without distractors could benefit from
serial target fixations in contrast to the parallel encoding of
targets presented simultaneously without distractors. However,
in the sequential target condition, the marking error only de-
creased modestly with the number of targets fixated. This may
explain why the subjects often did not attempt to fixate the
targets.

Transfer of sequential information between encoding and
recall

We have demonstrated that gaze fixations of the targets
improve the manual performance if the targets are serially
encoded. Under such conditions, gaze fixations seem to play an
important role for providing spatial information used to guide
subsequent manual action. This raises the issue whether the
sequential structure of the gaze program used to encode target
locations transfer to the sequential structure of manual program
used for recall.

For each trial, we compared the sequence with which the
targets were fixated during the encoding period with the se-
quence by which the corresponding targets were marked. We
confined the analysis to trials in which the subjects fixated all
the targets in the series with sequential target presentation
(12.4% of the trials) and simultaneous target presentation with
distractors (11.4% of the trials). For trials in which the targets
were presented simultaneously for longer periods, the subjects
could refixate a target. Thus we also examined the relation
between the sequence of targets marked during recall and the
sequence of the last four targets fixated during encoding.
However, this analysis yielded no evidence of sequence trans-
fer and we therefore only report data pertaining to the first
fixations observed during encoding.

For simultaneous presentation with distractors (Fig. 5A), the
frequency distribution of the 24 possible combinations of encod-
ing-recall sequences was significantly different from a uniform
distribution (�2 test: P � 0.001). Thus the sequence of marking
was related to the sequence in which the targets were fixated. The
most common marking sequence (29.1%) was the one in which
the subjects marked the targets in the same sequence as the targets
were visually encountered (i.e., 1234); the frequency of occur-
rence of this marking sequence was well above chance level (Fig.
5A). The reverse sequence, 4321 (11.8%) was the second most
common but its occurrence did not exceed chance level. As with

simultaneous target presentation, for the sequential presentation
the frequency of occurrence of each of the 24 possible encoding-
recall sequences was not distributed uniformly (�2 test: P �
0.001) (Fig. 5B). The subjects marked the remembered locations
of targets in the same sequence in which they were presented
(sequence 1234) in 26.0% of the trials. Furthermore, in 10% of the
trials, the subjects marked the targets in the reverse sequence
(sequence 4321). The sequence 4123 (7.5%) also occurred at
frequencies above chance, whereas the remaining 21 marking
sequences all occurred below chance level. The distribution of
marking sequences did not differ significantly from that obtained
for the simultaneous presentation (�2 test: P � 0.32; cf. Fig. 5, A
and B). Thus the sequence in which the targets were encountered
during the presentation period influenced to some degree the

FIG. 5. Transfer of order information between gaze sequence and marking
sequence with simultaneous presentation with distractors (A) and sequential
presentation (B). The abscissa gives the 24 possible sequences of target
marking with reference to the sequence by which the targets were initially
fixated; 1, 2, 3, 4 denote the 1st, 2nd, 3rd, and 4th fixated target. The ordinate
gives the relative frequency of occurrence of each marking sequence; only
trials in which all 4 targets were fixated were analyzed. - - -, the upper 95%
confidence limit of frequency for the probability of occurrence of each of the
24 marking sequences if they would have occurred randomly, adjusted for
multiple comparisons. A: data pooled across the 10 subjects who participated
in the experiment for simultaneous presentation with distractors. B: data pooled
across the 6 subjects who participated in the experiment for sequential pre-
sentation.
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sequence in which they were recalled during the marking. For
simultaneous presentation without distractors, there was no clear
relation between the sequence of target marking during recall and
the gaze sequence during presentation (data not shown). That is,
none of the 24 marking sequences with respect to target order
occurred with a probability that was reliably different from chance
(�2 test: P � 0.2).

Interval between target presentation and recall

For six subjects, we varied the delay between target offset
and manual response between 0.5 and 8.0 s, while setting the
target presentation time at a constant value (8 s). The length of
the delay did not significantly affect manual performance in
any experimental condition, i.e., simultaneous target presenta-
tion with and without distractors. This indicates that the mem-
ory involved with this task was stable over the delay periods
investigated (0.5–8 s). During the delay, we did not observe
eye movements that seemed to serve as a “rehearsal” to the
future marking movements. Furthermore, the intervals between
consecutive markings were around 0.5 s regardless of the
delay. There were no obvious influences of the time and mode
of target presentation and the number of targets fixated on the
pace of target markings.

D I S C U S S I O N

With targets presented simultaneously without distractors, at
the shortest presentation time (0.25 s), subjects did not fixate any
target. Nevertheless, they encoded the target locations accurately
at a level comparable to that for targets presented for 8 s where
some three targets were typically fixated. This effective and quick
marking of target location indicate that subjects encoded the
targets in parallel largely using peripheral vision. On the other
hand, when targets were presented simultaneously with distrac-
tors, the subjects had to fixate the individual targets with central
vision to get their locations accurately, and thus the targets were
encoded serially. The preferred gaze behavior matched these two
modes of encoding. With distractors, subjects fixated nearly all
targets when the presentation time was sufficiently long, whereas
without distractors, subjects usually chose not to fixate all targets
even when they had enough time to do so. Despite these differ-
ences in encoding strategy, the absolute marking error was similar
for targets presented simultaneously without distractors and with
distractors provided all targets were fixated in the latter case.

These two encoding strategies can be related to two previ-
ously proposed distinct visual search strategies for detection of
targets among distractors in a visual scene (Treisman and
Gormican 1988; Treisman and Souther 1985). In displays
where the targets seemed to “pop out” distinctly from distrac-
tors, the targets are detected within a short time period that is
independent of the number of distractors, suggesting parallel
scanning of the scene. In contrast, in displays where the targets
differ from the distractors only in specific details, as in the
present study, the time required for visual search increases with
the number of distractors. This suggests a serial scanning
process in which items are evaluated in central vision. Note
that in these studies by Treisman and colleagues, subjects
reported the presence or absence of a target by pressing a
button. In contrast, in the current study, subjects were required
to recall the encoded target locations. Furthermore, our data

provide direct evidence for parallel and serial encoding strat-
egies based on measurements of gaze behavior.

We observed different patterns of magnification errors
across the three conditions we examined. Shrinkage in the
visuomotor map was always observed when targets were pre-
sented simultaneously without distractors regardless of
whether or not some or all of the targets were fixated. In
contrast, shrinkage was not observed when distractors were
present. When targets were presented sequentially (without
distractors), shrinkage occurred when none of the targets were
fixated, but the degree of shrinkage decreased with the number
of fixated targets and, when all four targets were fixated, no
shrinkage was observed. These results can be accounted for by
two assumptions that the remembered location of any target
encoded in peripheral vision is biased toward the fixation point
and that this bias holds even for targets that have been previ-
ously fixated during the target presentation period. When tar-
gets were presented simultaneously among distractors, they
could not be detected in peripheral vision (i.e., central vision
was required to encode their locations), and thus no shrinkage
was observed. When targets were presented sequentially and
encoded in peripheral vision (i.e., not fixated), shrinkage oc-
curred. However, when subjects fixated these targets, shrink-
age disappeared. When targets were presented simultaneously
without distractors, shrinkage was observed even when sub-
jects fixated each target in turn. In this case (unlike the sequen-
tial target condition), when a given target was fixated, the other
three remained in peripheral vision. If the representation of
these peripheral targets is updated following each saccade and
assuming that their remembered locations are biased toward
the current fixation point, then shrinkage will be expected.

There is ample evidence that visual stimuli are transformed
from retinal coordinates into motor coordinates by dynamically
updating their spatial representations in conjunction with vol-
untary eye (or hand) movements (for a review, see Colby and
Goldberg 1999). Neurons in the intermediate layers of the
superior colliculus (Mays and Sparks 1980), the frontal eye
field (Goldberg and Bruce 1990), and the lateral intraparietal
area (LIP) (Barash et al. 1991a,b; Duhamel et al. 1992; Gold-
berg and Bruce 1990) exhibit signals that specify vanished
saccade targets in coordinates of a new fixation made after
target extinction. Similar signals are observed in the anterior
intraparietal (AIP) area with respect to changes in hand posi-
tion (Jeannerod et al. 1995; Rizzolatti et al. 1988, 1990; Sakata
and Taira 1994). Neurons in LIP are also modulated by atten-
tion such that the neural response to a given stimulus is
strongly influenced by its salience in a given task (Gottlieb et
al. 1998; Kusunoki et al. 2000; Lynch et al. 1977; Mountcastle
et al. 1981). Such dynamic updating of motorically represented
target locations is presumably involved in the memory-guided
marking tasks we have examined. For example, recent evi-
dence suggests that the frontal eye field maintains a represen-
tation of the visual world that can last for several minutes—
well within the delay periods we examined—and that is not
dependent on continuous visual stimulation (Umeno and Gold-
berg 1997, 2001). When our subjects fixated all targets in the
sequential presentation task or the simultaneous presentation
with distractors task, the locations of previously fixated—and
now undetectable—targets are presumably updated by such a
mechanism. However, our results suggest that when previously
fixated targets remain in peripheral vision, a different process
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may be involved. Specifically, the location of such targets may
be re-encoded based on peripheral vision.

A number of studies have observed that subjects underesti-
mate the eccentricity of targets presented in peripheral vision
during steady fixation (Mateeff and Gourevich 1983; Mitrani
and Dimitrov 1982; Osaka 1977; Rauk and Luuk 1978). More-
over, a similar underestimation is observed when subjects are
asked to shift their gaze to briefly presented eccentric targets
(Cai et al. 1997; Honda 1993, 1995; Matin 1972; Ross et al.
1997). Our finding that shrinkage occurs when targets are
encoded via peripheral vision is consistent with these results.
Sheth and Shimojo (2001) found that the extent of underesti-
mation or compression increases with the delay between target
presentation and the response to indicate its position. However,
we did not observe a change in the level of shrinkage across
delay times.

Transfer of sequential information between encoding and
recall

Noton and Stark (1971a,b) argued that memory for a scene
not only contains spatial features but also information about the
gaze sequence and suggested that the sequence of fixations in
initial viewing of the scene and later recognition should be
similar. However, we found little evidence that the same ap-
plies to manipulatory tasks in which the recall is expressed in
sequential manual actions directed towards multiple targets.
For the simultaneous presentation with distractors where sub-
jects were free to select the sequence of gaze and for the
sequential presentation, there was only a weak tendency for the
marking sequence to be in the same (or reverse) order as the
targets were fixated during the encoding period. This suggests
that when visually encoding future targets for manual sequen-
tial actions, the central nervous system build a representation
of their locations that is largely independent of the gaze se-
quence and the hand action sequence. That is, the gaze se-
quences fixating objects to be manipulated in the future seem
neither to constrain the order of forthcoming manual sequences
nor to be influenced by an action sequence preferred by the
neural apparatus that plan and control hand actions.
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