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Abstract. In this study, we examined the coordinate system used to represent visual targets during cursor-pointing 

movements. We asked subjects to point a mouse cursor at a memorized target under eye-fixation conditions. The 

endpoint errors of the pointing movements were spatially shifted toward the fixation-point location. Further analysis 

showed that for half of the subjects, the spatial properties of the errors were significantly influenced by the 

fixation-point location in reference to external space, but not in reference to internal space. If the subjects used 

egocentric coordinate, these results could not be consequences. Thus, we concluded that some of the subjects used 

allocentric coordinates to represent the visuospatial memory of a target location. 
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1   Introduction 

Visually guided intended movements require coordinate transformation. Information about the location of a target is 

initially represented on a retinotopic map and then transformed into motor commands. Research has indicated that the 

target location, which is represented in the retinal space, is transformed to a representation in head- or shoulder-centered 

coordinates to produce a motor command [1]. 

Recent studies have also suggested that eye-centered representations of memorized target positions play a major role 

in motor planning of pointing movements. With targets turned off during movements, those studies found that the 

endpoint errors of open loop (no visual feedback of the finger position) pointing movements under eye fixation 

conditions tended to shift away from the gazing position with free arm movement [2] and with a manipulandum [3]. 

In such studies, the term “eye-centered coordinates” has been used as a measure of a distance between a gazing 

position and a target position. This distance could be represented in two different ways by the brain; (i) that between the 

fovea and the target position projected on a retina, or (ii) that between the gazing position and the target position 

presented on the external space. However, these two possibilities, egocentric or allocentric coordinates, have not been 

distinguished from each other. To examine which coordinates are used to localize the target position, we focused on 

reference frames in this study. 

 

Fig. 1. The experimental design. (A) The transformation of coordinates. (B) Concept of the fixation point centered coordinates. 

(C) The experimental setup. (D) Time course of the tasks. The duration of the appearance of the fixation point F and target T (Thick 

black boxes) and the horizontal position of the eye and cursor (solid lines). 
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1.1   The Logic Behind Experimental Design 

Coordinate systems are defined by a reference frame, an origin for the reference frame, and a set of base vector [1]. 

Here, we classified coordinate systems into two major categories: egocentric and allocentric coordinates. The origin of 

the egocentric coordinate system was in the subject’s body, while the origin of the allocentric coordinate system was in 

the external world outside the subject’s body. We considered three different coordinate systems: one allocentric 

(fixation-point-centered) and two egocentric (eye- and head-centered) coordinate systems. We defined 

fixation-point-centered coordinates as those originating at a fixation point on an external object. Similarly, eye- and 

head-centered coordinates have their origins at the center of an imaginary Cyclopean eye and at the center of the head, 

respectively. These coordinate systems were hypothetically interchangeable if given appropriate information. For 

example, the eye- or fixation-point-centered coordinates could be transformed to head-centered coordinates using the 

two eye positions relative to the head of binocular animals (see Figure 1A). 

The aim of this study was to test which coordinate system was used for the target representation, i.e., egocentric 

eye-centered coordinates or allocentric fixation-point-centered coordinates. To explore this issue, we changed the 

position of the origin on the reference frame of fixation-point-centered coordinates. If a distortion exists in perceptual 

external space (e.g., by the influence of attention), the fixation-point-centered representation of a target could be 

modulated by a fixation-point locations on the screen when the allocentric coordinate system is in use (see Figure 2B). 

We asked the subjects to point a mouse cursor at the location of a memorized target under an eye fixation condition. 

We then analyzed the endpoint errors, which has been reported to occur in the eye fixation condition [2, 3], and 

compared the spatial tendency of the errors for three different fixation points under the following two conditions: the 

fixation-point locations were the same in reference to the eye and screen, but not in reference to the head (i.e., the origin 

position was different for the head-centered coordinates but the same for the eye-centered and fixation-point-centered 

coordinates); and the fixation-point locations were the same in reference to the eye, but not in reference to the screen 

(i.e., the origin position was different for the fixation-point-centered coordinates but the same for the eye-centered and 

head-centered coordinates). Ideally, instead of the first condition, we should have tested the condition in which 

fixation-point locations were the same in reference to the screen, but not to the eye. However, this condition is 

physically impossible because the fixation point is always projected onto the fovea. Thus, the first condition was taken 

up. Under the either condition, if spatial tendencies of the errors are modulated, we can conclude that the targets are 

represented in the head-centered coordinates or fixation-point-centered coordinates. In the case of no modulation under 

the both conditions, it indicates that the targets are unlikely to be represented in the both head-centered coordinates and 

fixation-point-centered coordinates. 

2   Materials and Methods 

2.1   Apparatus 

Each subject sat in a dimly illuminated room facing a vertical computer screen and maneuvered a computer mouse on a 

horizontal board in front of the screen (see Figure 1C). The mouse cursor was used to point to a target on the screen, 

and the position of the mouse was determined by the relative hand position. A chin holder loosely fixed the subject’s 

head, and the center of the subject’s eyes was located approximately 300 mm from the screen. The subject’s gazing 

position was monitored using an online video capturing system (i-rec for Linux; http://staff.aist.go.jp/k.matsuda/eye/) to 

confirm eye fixation. Images of the subject’s pupil were recorded using a CCD camera with a sampling frequency of 60 

Hz, with an infrared LED illuminating the eye. We defined a fixation break as a gaze shift greater than 2° 

(approximately 10mm on the screen) away from the center of the fixation point. For the analysis, we excluded trials 

containing a fixation break. We also excluded trials in which the subjects judged that their eyes had moved away from 

the fixation point. Based on these criteria, 0.0–5.3% of all trials for each subject were discarded. The stability of head 

position was observed online using images from the CCD camera. We cautioned subjects not to move their heads 

because head movement of more than 2° (approximately 10 mm on the screen) prohibited the system from tracking eye 

position. 

2.2   Procedure 

Seven male subjects aged 23–26 years were involved in the study. The participants all gave informed consent and were 

naive to the experimental purpose. All used their right hand (the hand they would normally use) to operate the mouse, 

and all had normal vision and were free of any neurological deficits that could affect vision or eye and hand 

movements. 

Each subject was instructed to point the mouse cursor (white, 5 mm square) as accurately as possible at a target (blue, 

5 mm square). For each task, the subject could take up to 15s to point to the target. When a subject felt satisfied with the 

cursor position, he indicated so by clicking a button on the mouse. The subjects were instructed to face straight ahead 

during the task period. A training task preceded an experimental task to confirm that each subject could accurately point 
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to a target. In the training task, we first asked each subject to point the cursor at a visually presented target without eye 

fixation. In the following experimental task (see Figure 1D), we asked the subject to point to a target while keeping his 

eyes on a fixation point. At the start of each trial, a fixation point (yellow, 2 mm square) appeared on the screen. After 

2s had passed, the target was presented for another 2s, and then turned off. When the color of the fixation point changed 

from yellow to red, the mouse cursor appeared randomly at the bottom right or left side of the screen; the subject then 

began the task of pointing the cursor at the memorized position of the target. The visual stimuli appeared at one of 

seven locations that were aligned horizontally and approximately 30 mm away from each other. In each trial, one 

location was used as the fixation point, and one of the remaining six locations was used as the target. 

In every block, we located the screen in three different positions relative to the subject’s body: in front of the subject 

at the center, right, and left (see Figure 2A). A block consisted of trials involving six targets and three different fixation 

points. In each block, four of the seven subjects performed four trials for each target for each fixation point except the 

following two cases. When the screen was placed on the right or left, only one trial with a target was performed for the 

right or left fixation points. Therefore, the blocks contained 72 trials (4 trials x 6 targets x 3 fixation points) for the 

center screen position and 54 trials (4 trials x 6 targets x 2 fixation points + 1 trial x 6 targets x 1 fixation point) for the 

right or left screen position. For analytical purposes, the remaining three subjects performed three trials with each target 

for each fixation point (total 54 trials). All of the trials were pseudorandomized in each block. Each subject performed 

two blocks for each of the three screen locations. 

3   Results 

We measured the endpoint errors of the cursor locations in relation to the target locations under eye fixation conditions 

and analyzed the spatial properties of these errors. We also compared the error properties for the three fixation-point 

locations on the screen and the three screen locations in relation to the subject’s head. 

 

Fig. 2. (A) Three different screen locations were used. In each case, the distance between the subject and the screen was the same. 

(B) Each fixation point (x) appeared at the center of the screen in a different position relative to the subject’s head. In the left inset, 

the radius of each ellipse corresponds to 2SD of the endpoint distributions at the three locations of the screen: left, center, and right 

(from the top to bottom rows in the inset). The horizontal mean endpoint errors for a fixation point at the left (circles), center 

(triangles), and right (square) in relation to the subject’s head are plotted against the target eccentricity in the right inset. No 

statistically significant difference was observed among the slopes of the regression lines for data corresponding to three different 

fixation point locations in reference to the head. (C) Each fixation point appeared on the midline in relation to the subject’s head, but 

in a different position on the screen. The slopes of the regression lines show a significant difference from the other. 

Subjects were asked to point to a memorized target under eye fixation conditions and performed the task for three 

different fixation points on the screen and three different screen positions (see Figure 2A). The results of a typical 

subject are shown as Figure 2B and 2C. The endpoints tended to shift toward the fixation point (one-tailed test; p < 0.05 

for 25/30 targets). To test the linear correlations between endpoint errors and target eccentricity, we conducted a linear 

regression analysis. For six of the seven subjects, the endpoint errors produced significant regression slopes (p < 0.01). 

We excluded the remaining one subject, who did not show a significant correlation between the endpoint errors and 

target eccentricities, from the following analysis. 
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  The next step was to test which coordinate system was used for the target representation, i.e., egocentric eye centered 

coordinates (the reference frame was on the eye) or allocentric fixation point centered coordinates (the reference frame 

was on the screen). Using the Tukey Kramer multiple comparisons test, we compared the linear relationship of the 

means of the endpoint errors with the target eccentricity by changing the position of origin on the fixation point 

centered and head centered coordinates. 

When the fixation point was shown at three different positions in relation to the subject’s head but at the same 

position on the screen (i.e., the position of the origin was different for the head-centered coordinates but was the same 

for the eye-centered and fixation-point-centered coordinates; Fig. 2B, left), the regression line slopes for data for the 

three different fixation points did not differ significantly (p > 0.05; Fig. 2B and Table 1, Lc–Cc–Rc conditions of 

subject KA). In contrast, when the fixation point was presented at the midline in front of a subject, but with three 

different positions on the screen (i.e., position of the origin was different for the fixation-point-centered coordinates but 

the same for the eye-centered and head-centered coordinates; see Figure 2C), the regression line slope for the fixation 

point at the center of the screen  differed significantly from the slopes for the fixation points on the left or right sides of 

the screen (p < 0.05; see Figure 2C and Table 1, Lr–Cc–Rl conditions of subject KA). Table 1 shows the regression 

slopes and results of the multiple comparisons test for the other five subjects. In two of them, at least one of the 

regression slopes was significantly different from the others (p < 0.05; Table 1, asterisks) when the fixation-point 

locations differed on the screen. Furthermore, for all of the subjects, no significantly differences (p > 0.05) were 

detected in the slopes of the regression lines when the fixation-point locations differed in relation to the subjects’ head. 

For three of the subjects, who performed the same number of trials for the three screen positions, we applied an 

additional analysis. In addition to the center fixation point on the screen (see Figure 2A, a solid ellipse), we also 

compared the slopes of the regression lines for the right or left fixation points at the three different screen locations (see 

Figure 2A, doted ellipses). The slopes of these regression lines also did not differ significantly (p > 0.05). 

Table 1.  Regression slopes of endpoint errors and results of the multiple comparisons test. Abbreviations: For example, Lc 

indicates a case in which the screen is to the left and the fixation point is at the center of the screen. The letters “L” or “l,” “C” or “c,” 

and “R” or “r” represent left, center, and right, respectively. 

conditions ST KS YT KA TK MY 

Lc -0.081 -0.058 -0.055 -0.145 -0.158 -0.045 

Cc -0.100 -0.024 -0.048 -0.149 -0.163 -0.039 

Rc -0.095 -0.029 -0.110 -0.138 -0.111 -0.005 

Lr -0.114 -0.058 -0.063 -0.089 -0.067 -0.066 

Cc -0.100 -0.024 -0.048 -0.149 -0.163 -0.039 

Rl -0.057 -0.043 -0.105 -0.079 0.067 -0.062 

*, p < 0.05; **, p < 0.01.      

4   Discussion 

To determine the coordinate system of target representation in visuospatial memory, we analyzed the endpoint errors of 

the locations of cursors pointing to target locations under eye-fixation conditions. The results showed that the endpoints 

tended to shift toward the fixation point relative to the target location. The size of the endpoint errors for the memorized 

target depended on the target eccentricity from a fixation point, and this dependency was well fitted by a linear 

regression model.  Furthermore, the linear dependencies of the endpoint errors of half the subjects were significantly 

affected by the location of the fixation point in the allocentric coordinate frame but not in the egocentric coordinate 

frame. 

The endpoints shifted toward the fixation point and the size of the errors had linear dependence on the target 

eccentricity. In visuospatial memory, if a target were represented by head- or shoulder-centered coordinates in which 

the target location was independent of the eye position, these errors would have occurred regardless of the 

fixation-point location. Therefore, the results suggest that target representation in the eye-centered or 

fixation-point-centered coordinates, in which the target location was dependent on the eye position, was memorized for 

motor planning. This suggestion is consistent with the arguments of previous studies [2, 3]. However, those studies also 

reported that the endpoint means shifted away from the fixation points. Our experiments could not reveal the 

mechanism regarding the difference in the endpoint shifting directions. However, important distinctions exist between 

our study and previous experiments. Other experiments used a subject’s arm and did not include visual feedback (i.e., 

visually open-loop tasks). Without visual feedback, such studies could have been influenced by execution errors in arm 

movements [4, 5]. 

In the further analysis, the location of the fixation points in relation to the head did not significantly modulate the 

slopes of the regression lines. However, for half of the subjects, the locations of the fixation points on the screen 

significantly modulated the slopes of the regression lines, even though these locations were the same in relation to the 

eye. The supposition that the target location is determined based on an eccentricity of the eye cannot reasonably explain 

these results. A possible alternate explanation is that at least some subjects mapped the target on the 

fixation-point-centered coordinates in allocentric space; in this case, a different frame with the same origin might have 

* ** 

** 

** 
* 
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been used in relation to change in the background scene, i.e., the monitor displacement. The slopes of the regression 

lines were modulated by the position of the screen only in half of the participants. These individual differences are 

possibly caused by a preferential use of an egocentric or allocentric reference frame [6]. Furthermore, the modulation of 

the slopes was not consistent among the subjects. This may be caused by different anchor points for allocentric 

coordinates which are chosen by each subject arbitrarily. Some studies have reported that the visual background affects 

the performance of visually guided motor tasks and can contribute to improve motor accuracy [7, 8]. Thus, the target 

may be represented by a reference in the external space, which is an inference that is consistent with our results. 

Our results suggest that some subjects used the target representation in visuospatial memory in external space. In 

these cases, the target was mapped on the fixation-point-centered coordinates, which were very closely correlated with 

the eye-centered coordinates, but not in absolute space. This kind of target representation could be integrated with 

information on the hand location in external space and could provide a source for calculating an appropriate movement 

vector or hand trajectory in external space [9-11] to generate a motor command. Furthermore, for target localization, an 

eye-centered target representation integrated with other sensory information could provide a source for calculating a 

body-centered (i.e., head- or shoulder-centered) target representation [12-14]. A fixation-point-centered target 

representation could also contribute to the construction of a body-centered target representation because a head-centered 

target position could be calculated from the positions of the eyes and a fixation-point-centered target position. 
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