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Adaptation of egocentric distance perception under

telestereoscopic viewing within reaching space.

Introduction

Reaching forward to grasp an object or to point to a target requires one to correctly evaluate its distance and direction. Egocentric distance is estimated from retinal and extraretinal cues (Gogel and Tietz 1979;Cutting and Vishton 1995;Cutting 1997;Genovesio and Ferraina 2004;Blohm et al. 2008). In order to get insight into the way the central nervous system (CNS) builds a body-centered representation of objects within near space, random sensory alterations can be introduced (Goodale et al. 1986;[START_REF] Prablanc | Automatic control during hand reaching at undetected two-dimensional target displacements[END_REF]Desmurget et al. 1999;Prablanc et al. 2003) as well as a continuous and systematic exposure to sensory alterations [START_REF] T E D P R O O F Held | The difference in the aftereffect 466 size across both experiments was assessed through an 467 unpaired one-sided t-test. Exp. 2 has a significantly higher 468 aftereffect than Exp[END_REF]Prablanc et al. 1975;[START_REF] Kornheiser | Adaptation to laterally displaced vision: a review[END_REF][START_REF] Kitazawa | Prism adaptation of reaching movements: specificity for the velocity of reaching[END_REF][START_REF] Morton | Prism adaptation during walking generalizes to reaching and requires the cerebellum[END_REF][START_REF] Mon-Williams | Calibrating reach distance to visual targets[END_REF]. In the latter case, the CNS can adapt to the new inter-sensory coupling in order to build up a coherent and unified representation.

The present study aimed at understanding how the estimation of egocentric distance is affected by exposure to systematic visual alteration, namely the wearing of a telestereoscope. A telestereoscope is a simple device composed of two pairs of lateral, parallel mirrors placed in front of the eyes of the subject, artificially increasing the interpupillary distance (IPD). As early as the seventeenth century, Kepler and Descartes proposed that the radial primarily from two components: an induction component induced by sustained fixation through the telestereoscope, and a calibration component based on distorted hand visual feedback. In order to disentangle these components, we designed two experiments differing only by the feedback given to the subject during exposure. In the pre-and posttests of both experiments, egocentric distance was estimated by open-loop pointing (i.e. without visual feedback of the hand) to the perceived location of the targets.

In Exp. 1, perceived distance under telestereoscopic viewing exposure was assessed by open-loop pointing. Throughout this paper, the distance given by the pointing gesture is referred as reach distance. Care was taken to limit the available cues for distance to the altered vergence during telestereoscopic viewing exposure. In that case, the expected aftereffect in Exp. 1 should originate mainly from the EMP mechanism. In order to ensure this, we designed the experiment such that the farthest target would appear at a distance of 195 mm from the eyes, which is below the point of balance between the actions of the medial and lateral recti muscles, called the physiological point of rest (PPR) (Ebenholtz and Wolfson 1975). The empirical value of the PPR is close to 300 mm [START_REF] Paap | Concomitant direction and distance aftereffects of sustained convergence: a muscle potentiation explanation for eye-specific adaptation[END_REF]. Consistent with previous studies, we expected an EMPrelated increase in perceived distance over the whole range of targets after removal of the telestereoscope.

The goal of Exp. 2 was to study the adaptive processes arising from active visuomotor exposure to the telestereoscope. Held (1965) has shown that active experience is a key factor for perceptual adaptation to laterally displacing prisms. Active interaction with the environment also resulted in greater adaptation to prism-induced alteration of apparent distances [START_REF] Owens | Accommodation, convergence, and distance perception in low illumination[END_REF]Ebenholtz 1981). In the exposure phase of Exp. 2, subjects underwent a discrepancy between vergence-specified distance and reach distance. Such a conflict may elicit visuomotor adaptation, whatever the specific contributions (motor, proprioceptive and visual) of the different adaptive components might be [START_REF] Kornheiser | Adaptation to laterally displaced vision: a review[END_REF]Welch 1986;Redding and Wallace 1990). The present study focused on the visual component of adaptation only and investigated the potential calibration of the vergence/distance mapping as measured from the unexposed hand. Indeed, visuomotor adaptation is restricted to the exposed hand, whereas only the visual component of adaptation is available to the unexposed hand (Harris 1965). Comparable amounts of EMP are likely to be induced in both experiments, since these experiments differed only by the presence of a visual feedback. Calibration of the vergence/distance mapping requires the presence of this kind of feedback, whereas EMP does not. Any difference in the aftereffects of Exp.1 and 2 should thus be attributed to a calibration process. After removal of the telestereoscope, any theoretical could be prevented by an occluding screen placed behind the mirror. The targets were aligned 350 to 510 mm from the cornea along a horizontal axis in the sagittal plane, 20 mm below the ocular plane. Head movements were restrained using a forehead and a chin rest.

In all experiments, distance estimates were assessed by open-loop pointing (i.e. without visual feedback of the hand) with the right hand. Indeed, visual egocentric distance estimated by pointing response has been found to be half as variable than verbal estimation (Foley 1977;Bingham and Pagano 1998) and more accurate. While the assessment of target distances by verbal responses involves mainly the occipito-temporal connection (i.e. the ventral pathway), a direct hand pointing response, under full spatial compatibility between the stimulus and the effector, and free of physical constraints, involves essentially the dorsal occipito-parietal connection (i.e. the dorsal pathway), as proposed by Goodale and Milner (1992). Hand pointing distance estimation is rather robust and weakly sensitive to cognitive judgments. A 2-mm infrared-emitting diode (900 nm wavelength) was attached to the fingertip, whose position was recorded at 250 Hz with an Optotrak 3020, Northern Digital Inc., a system for recording 3D movement. During the experiments, all pointing movements were performed in a totally free open space preventing any tactile feedback.

In preliminary tests, distance estimation of familiar objects under telestereoscopic viewing in a natural environment was assessed through verbal judgment. We noticed that objects with familiar size led to some ambiguity in judging egocentric distances. Some subjects perceived the objects to be near, likely relying on increased convergence. Other subjects perceived them further, likely relying on the decreased apparent size of the object. In order to reduce such an effect, we used small (3-mm diameter) LED targets. Virtual targets were used to prevent tactile feedback. The apparatus was calibrated using the Optotrak. A LED marker was mechanically displaced until two experimenters on both right and left sides of the halfsilvered mirror judged it coincident with the target image seen through the mirror. We estimate the accuracy of this procedure to be smaller than 1 mm. Experiment 1 A classical paradigm including three blocked conditions, pre-test, exposure to telestereoscopic viewing and post-test (Helmholtz 1910;[START_REF] T E D P R O O F Held | The difference in the aftereffect 466 size across both experiments was assessed through an 467 unpaired one-sided t-test. Exp. 2 has a significantly higher 468 aftereffect than Exp[END_REF], was carried out in an otherwise dark room. In all pre-tests, post-tests and exposure phase, the estimated distance was assessed by open-loop pointing toward the targets seen through the tilted central mirror. Cues for target distance during the exposure condition were restricted to altered oculomotor
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263 cues (i.e. vergence and accommodation). This is an 264 induction rather than an adaptation paradigm as no feed-265 back was available during exposure (Ebenholtz 1981). We 266 chose to use the same (right) hand for exposure and test 267 conditions in Exp. 1 in order to compare pointing responses 268 with and without the telestereoscope (i.e. to reveal the 269 distortion of perceived distance). 270

Each of the nine targets was presented ten times in a 271 random order. A single target only was lit at a time. There 272 was a 3-s dark interval between offset of the previous target 273 and onset of the next one, in order to reduce any existing 274 inter-target disparity between two successive stimuli. Each 275 condition lasted about 10 min. Subjects underwent training 276 trials without telestereoscope and without any feedback for 277 a few minutes just before the pre-test, in order to become 278 familiar with the pointing task. Before the exposure con-279 dition, subjects were trained under telestereoscopic view-280 ing until they were able to fuse the targets at all distances.

No pointing response was required during this training phase. Although most of the included subjects reported diplopia and/or blurring through the telestereoscope at the beginning of the training phase, they all reported single and clear vision over the whole range of targets by the end of the training phase. In all conditions, subjects were instructed to point as accurately as possible with their unseen right index fingertip (moving in a free open space), at the perceived location of the target. Then, they validated the pointing response by pushing a button with the hanging stationary left hand, and returned the right hand to a rest position close to the chest. In the exposure condition, subjects were instructed to wait until they totally fused onto the target, before initiating their pointing response. In the rare instances when fusion was not possible (mostly for the nearest targets), the trial was aborted and the next random trial was presented. The aborted trials were presented after a b The fixation point is represented by the dot labeled N (for ''natural'' viewing condition), placed at distance y from the subject's eyes. Gray lines represent the direct lines of sight from the real and virtual eyes. The red line is the reflected light-path from the target to the eyes. Fixation at the dot labeled N requires the convergence of the two lines of sight onto the dot labeled V, at distance y v from the subject's eyes. The optical eye-to-target distance is y a . The dots labeled A (right eye) and A (left eye) represent, respectively the virtual target images seen by right and left eyes. y, y v and y a correspond, respectively to the physical distance to the target, the distance as specified by vergence and the distance as specified by accommodation. b Experimental setup. The subject is looking through the telestereoscope mirrors while resting his head and chin.

The pronated right hand points to the estimated position of the target behind the half-silvered mirror. The virtual position of the target is shown in red, as well as the lit LED in the target ramp
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the end of the full trial sequence, intermixed with new random trials until ten repetitions of each target were collected. The post-test condition followed the exposure condition by a few minutes.

Experiment 2

The experimental setup was the same as in Exp. 1. The preand post-tests were carried out exactly in the same way as in Exp. 1, by open-loop pointing to the target with the right hand. In contrast to Exp. 1, the left hand was used for pointing during telestereoscopic viewing exposure, and hand visual feedback was allowed by removing the occluding screen behind the half-silvered mirror. Instead of directly seeing their left hand, subjects saw a red LED attached to the left index fingertip in an otherwise dark room in order to prevent hand or finger familiar size cue. As in Exp. 1, subjects had to totally fuse onto the target before initiating the pointing response. They were instructed to point their left index finger as accurately as possible at the perceived location of the virtual target. Adjustment movements were allowed until the fingertip LED coincided with the virtual target. Then, the subject validated his or her response by pushing a button with the hanging and stationary right hand. Failure in binocular fusion resulted in trial abortion.

The left hand was used for pointing in the exposure condition of Exp. 2, whereas the right unexposed hand was used in the pre-and post-test conditions in order to isolate the visual component of aftereffect adaptation. In any type of visuomotor adaptation, the total aftereffect is a combination of visual, proprioceptive and hand motor components (Welch 1986). The two latter ones are restricted to the exposed limb. Indeed, previous studies on short-term visuomotor pointing adaptation to prism lateral displacement showed that these components are not transferred from the exposed limb to any other limb (Harris 1963(Harris , 1965;;Hamilton 1964;Prablanc et al. 1975;Elliott and Roy 1981;[START_REF] Martin | Throwing while looking through prisms. II. Specificity and storage of multiple gaze-throw calibrations[END_REF][START_REF] Kitazawa | Prism adaptation of reaching movements: specificity for the velocity of reaching[END_REF]. Conversely, when a visual component has developed, it is available for all effectors and an interlimb transfer is observed [START_REF] Kornheiser | Adaptation to laterally displaced vision: a review[END_REF]Wallace and Redding 1979). Thus, using the unexposed right hand for distance assessment underscored the visual component of adaptation only, uncontaminated by the short-term visuomotor adaptation of the exposed left hand. Consequently, care was taken to avoid any contact between right and left hands throughout the experiment, which could have introduced some interlimb proprioceptive and/or motor transfer. It was necessary to run Exp. 2 after Exp. 1 for the five subjects enrolled in both experiments, in order to prevent any knowledge of result that would have been obtained during the Exp. 2 exposure.

350

Data analysis 351

The fingertip position in 3D was measured as the average 352 over the 40 ms following the onset of the push button. For 353 the data analysis, the measured variable was the pointing 354 distance along a horizontal axis in the sagittal plane located 355 20 mm below the ocular plane. For each experiment, we checked for the presence of out-388 liers in the group of subjects, based on the global afteref-389 fect. For each subject and for each experiment, the z-score 390 was computed. Subjects whose z-score laid outside 391 the ±2.0 interval were considered outliers and removed 392 from the analysis. This happened only in Exp. 1 for one 393 subject.

394 Check for possible temporal drifts in the pointing 395 behavior over the course of the open-loop conditions was 396 performed before averaging the data (see Appendix). Some 397 subjects exhibited an increase in the mean pointing
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398 distance and/or the slope of the target-to-pointing mapping 399 over the course of a condition block, while others exhibited 400 a decrease. We ran two-sided t-tests on the set of values of 401 time-coefficients for each experiment and for each condi-402 tion, which showed that the group means were not signif-403 icantly different from zero. The t-tests for the mean 404 pointing distance time-coefficient had a minimum 405 P [ 0.14 and the t-tests for the slope time-coefficient had a 406 minimum P [ 0.27. We concluded that no systematic 407 temporal trend was found in the group. For the remaining 408 analysis in this paper, we will consider the subjects' 409 responses to be stationary inside each condition block.

410 Individual analyses 411 In Fig. 2, pointing distance is plotted as a function of target 412 distance for two different subjects, one in Exp. 1 (left 413 panel) and the other in Exp. 2 (right panel). ANCOVAs 414 between pre-and post-tests showed that the condition 415 factor was significant for all subjects (P \ 0.05), except for 416 two subjects in Exp. 1 who presented aftereffects close to 417 zero. The linear dependency on the target distance was, as 418 one would expect, reliable for all subjects (P \ 0.001) in 419 both experiments. In Exp. 1, the fitted slope ranged from 420 0.45 to 1.15, with mean value 0.81 (SD = 0.20) in the pre-421 test condition, and from 0.30 to 1.19, with mean value 0.77 422 (SD = 0.27) in the post-test condition. Values for Exp. 2 423 were similar, with the slope varying from 0.56 to 1.10, mean value 0.85 (SD = 0.18) in the pre-test, and from 0.55 to 1.19, mean value 0.82 (SD = 0.20) in the post-test.

In Exp. 1, the interaction between condition and target distance was significant for three subjects, while in Exp. 2 it was significant for four subjects (maximum P \ 0.05). The individual aftereffect values for Exp. 1 and Exp. 2 are presented in Fig. 3. Each subject is represented by a point and the horizontal lines indicate the mean value for each experiment. The colored horizontal strips represent the standard errors on the estimation of the mean. In Exp. 1, the mean value of the aftereffect was 28 mm (SD = 34 mm). The values ranged from -18 mm to 104 mm. In Exp. 2, the aftereffect averaged to 65 mm (SD = 36 mm), with minimum and maximum values equal to 11 mm and 130 mm, respectively. The aftereffect values computed for each subject will be used below in the t-tests.

Group analysis

The global behavior of the group of subjects in both experiments is shown in Fig. 4. This figure is similar to Fig. 2 In the exposure condition of Exp. 1, the mean slope across subjects was 0.32, with standard error equal to 0.07. One-sided t-tests indicated that this value was significantly greater than zero (t[10] = 4.57, P \ 0.001) and lower that 1 (t[10] = 9.75, P \ 0.001). We compared this mean slope with the slope predicted by using the vergence information, which is 0.31, through a two-sided t-test and no significant difference was found (t[10] = 0.13, P [ 0.89). The use of the vergence information also predicts that the mean pointing distance should be 157 mm. The mean pointing distance for the group during the exposure condition of Exp. 1 was 314 mm, with a 31-mm standard error. This value was significantly greater than the value predicted (t[10] = 5.05, P \ 0.001). For all subjects, the mean pointing distance was greater than 157 mm, with a 236-mm minimal value. Discussion Temporal evolution of target-to-pointing mapping As in all adaptation or induction processes, there is both a rising acquisition function during the exposure phase and a corresponding post-exposure decline. This decline may be the result of a return to normal visual or visuomotor experience (i.e. de-adaptation), or the result of some spontaneous decay (Welch 1986). The spontaneous decay is much longer than the de-adaptation decay (Hamilton and Bossom 1964). The EMP-related aftereffect decay was expected to occur in both Exp. 1 and Exp. 2 post-tests, whereas the lack of visuomotor feedback in Exp. 2 post-test did not allow de-adaptation of the calibration of the vergence/distance mapping. In both experiments, these time constants should exist and be large enough in comparison with the duration of the condition blocks, otherwise we should have measured no aftereffect. However, the temporal analysis did not show a significant variation over time for the group of subjects, but a large inter-subject variability was found both in the amount and in the direction of the drift. ). The second candidate for oculomotor adaptation is a change in accommodative vergence gain. The natural cross-coupling between accommodation and convergence is altered during telestereoscopic viewing and such a conflict has been found to be solved through an increased accommodative vergence gain [START_REF] Miles | Optically induced changes in the couplings between vergence and accommodation[END_REF]Bobier and McRae 1996). However, the use of a small light target in the present experiment reduced the accommodative stimulus, thus decreasing the accommodative drive to convergence as well as the accommodation and vergence mismatch. Some residual visual cues (such as accommodation, LED-size and LED-luminance) were present during the telestereoscopic exposure phase in Exp. 1. A calibration of the vergence/distance mapping may have been induced by a discrepancy between vergence-specified distance and residual cues signals for distance, leading to an increased slope of the target-to-pointing mapping. However, these weak residual visual cues are unlikely to have provided an efficient signal for distance.

According to Helmholtz's scaling theory, perception through a telestereoscope is such that ''it will seem as if the observers were looking not at the natural landscape itself, but at a very exquisite and exact model of it'', reduced in scale in the ratio IPD' to IPD (Helmholtz 1910). We did not obtain such a reduction of visual space during exposure phase in Exp. 1. The difference between observed and predicted estimated distances under telestereoscopic viewing may be explained by both the above considerations on oculomotor adjustments and a down-weighting of 
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585 the contribution of vergence information. In the exposure 586 condition, the estimated distances were greater than the 587 vergence-specified distances, for all subjects. The training 588 phase of binocular fusion took several minutes. It is likely 589 that some EMP had already risen up during that period. 590 Indeed, tonic vergence adaptation to prisms is known to 591 start changing within the first minute of exposure (Schor 592 1979a;[START_REF] Porteous | Adaptation model of accommodation and vergence[END_REF]. Furthermore, a temporal analysis at 593 the group level did not show any consistent effect of time 594 on pointing response during the 10-min exposure condi-595 tion. As described above, EMP might partially explain why 596 the actual estimated distances were greater than those 597 specified by vergence. 598 Pointing responses during exposure were actually loca-599 ted between vergence and accommodation-specified dis-600 tances. This raises the possibility that different cues were 601 combined with vergence for target distance estimate. 602 Tresilian and Mon-Williams (1999) found that the presence 603 of additional distance cues lowered the effects of the prism 604 on perceived distance. In Judge and Bradford's experiment 605 (1988), no confirmation of Helmholtz's scaling theory was 606 found. These authors suggested that other cues may com-607 pete with binocular cues to modify the telestereoscope 608 scaling factor. The influencing cues proposed in these two 609 studies were monocular or binocular and were provided by 610 the background scene or the changing size of the target. 611 In the present study, even though most of the natural dis-612 tance cues were eliminated, accommodation, LED-size and 613 LED-luminance cues may have down-weighted vergence 614 cues. The reliability of vergence information is indeed 615 known to decrease with the amount of the discrepancy 616 between vergence and other cues [START_REF] Landy | Measurement and modeling of depth cue combination: in defense of weak fusion[END_REF]617 Tresilian et al. 1999). [START_REF] Mon-Williams | Ordinal depth information from accommodation?[END_REF] 618 suggested that accommodation provides distance informa-619 tion through the accommodative vergence signal rather 620 than through accommodation per se. Sustained exposure to 621 an accommodative demand beyond the fixation distance 622 may lead to increased tonic vergence (Schor 1979b) and 623 thus greater estimated distances than as specified by ver-624 gence. However, the LED targets represented a poor 625 stimulus to accommodation.

626

Interestingly, the mean slope (across subjects) of the 627 target-to-pointing mapping under telestereoscopic viewing 628 was not significantly different from the one predicted by 629 using the vergence information according to Helmholtz's 630 scaling theory. Further scrutiny of the individual data 631 revealed a very large variability of the individual slopes.

632 Effect of visuomotor exposure in Exp. 2 633 The second and main goal of the present study was 634 to examine the effect of visuomotor exposure on the 635 plasticity of the vergence/distance mapping. A much larger (2.3 times) aftereffect in distance estimation was found in Exp. 2 as compared to Exp. 1. In the same vein, Ebenholtz (1981) found a three-time greater aftereffect following a prism adaptation paradigm than following an induction exposure paradigm. Feedback was provided by both motor and visual monocular cues in Ebenholtz' adaptation paradigm.

The use of the hand contralateral to the exposed hand for distance estimation during pre-and post-test, without interhand contact in Exp. 2, prevented any potential hand proprioceptive or motor transfer. Thus, the hand pointing aftereffect of Exp. 2 can be considered as a reliable estimate of the visual distance aftereffect, uncontaminated by the short-term visuomotor adaptation of the exposed hand.

This visual aftereffect, in Exp. 2, involves two potential components: oculomotor adaptation and calibration of vergence/distance mapping. The former is assumed to be the same as in Exp 1. Indeed, target sequence, visual and oculomotor tasks were exactly the same in both experiments. The two experiments differed only by the visual feedback from the fingertip available during hand pointing in Exp. 2 but not in Exp. 1. Ebenholtz (1981) proposed that the amount of fusional stimuli present in the scene influences the aftereffect, EMP aftereffect increasing with greater stimulated retinal areas, as more disparity detectors are triggered. The vision of the LED on the left fingertip in Exp. 2 cannot be considered as an additional fusable stimulus as subjects were instructed to keep fixation onto the target during pointing. Moreover, it is unlikely that this additional LED point light provided a significantly different stimulus for accommodation. As [START_REF] Owens | Accommodation, convergence, and distance perception in low illumination[END_REF] and [START_REF] Owens | Oculomotor tonus and visual adaptation[END_REF] found that interaction with a natural environment enhances the aftereffect due to EMP, care was taken in the current study to perform the pointing task in an otherwise dark room, the only visual stimuli being the fixated LED targets and the fingertip LED.

Since the contribution of oculomotor adaptation to the aftereffect is likely the same in both experiments, the increase in the aftereffect size from Exp. 1 to Exp. 2 may be explained by a calibration process. Calibration originates in the discrepancy between altered and veridical cues, the latter being either visual or coming from interaction with the environment (Wallach and Frey 1972;Wallach et al. 1972;Wallach and Smith 1972). Similarly, [START_REF] Mon-Williams | Calibrating reach distance to visual targets[END_REF] have documented that reach distance is altered in response to distorted feedback (visual or haptic). Here, calibration of the vergence/distance mapping may arise from the discrepancy between altered vergence-specified distance and actual reach distance. As in Exp. 1, the residual visual cues present during the Exp. 2 exposure are unlikely to have provided an efficient signal for calibration of the vergence/distance mapping. During the Exp. 2 exposure, the target was seen closer than its
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physical position. In the first trials in Exp. 2, subjects strongly undershot the target and had to make a secondary correcting movement to bring the fingertip LED in spatial coincidence with the target. As the target was a virtual image seen through the central half-silvered mirror, there was neither finger-to-target masking nor any tactile feedback. Finger size cues were also precluded as subjects only saw a point light on their fingertip.

As telestereoscopic viewing increases disparity, it modifies the perceived egocentric and target-to-fingertip relative distances, as well as the perception of motion in depth of the fingertip LED. There are different sources of error during the exposure condition: (1) an inconsistency between vision and proprioception of the fingertip, irrespective of the presence of a target (Craske and Crawshaw 1974), [START_REF]This was also the case for 464 the mean value 65[END_REF] an inconsistency between the expected fingertip LED visual feedback (derived from the efferent copy) and its actual visual feedback, irrespective of the presence of a target [START_REF] Held | Adaptation to disarranged hand-eye coordination contingent upon re-afferent stimulation[END_REF], (3) a terminal in-depth reaching error (Kitazawa et al. 1995;Magescas and Prablanc 2006) given by the increased disparity of the fingertip LED and (4) a discrepancy between the kinesthetic sensed hand motion and the resulting change in disparity of the fingertip LED. Increased disparity of the fingertip LED may have played a role during the end part of the movement only when the fingertip LED came into the narrow field of view through the telestereoscope (around 20°). Moreover, calibration of the vergence/distance mapping likely resulted from spatial inconsistency (items 1, 2 and 4 above) rather than from performance error (item 3) (Redding and Wallace 1997).

One potential issue is the extent to which the subjects were actually fusing the targets. Indeed, if the targets fell within Panum's area, subjects might have perceived the targets as single but without their eyes in alignment. If they were unable to accurately verge upon the targets this might have influenced the pattern of results. The tolerance range is Panum's fusion area, which is 15-30 arcmin [START_REF] Ogle | An analytical treatment of the longitudinal horopter, its measurement and application to related phenomena, especially to the relative size and shape of the ocular images[END_REF]Schor et al. 1984). We calculated for the target range during exposure the maximum error in egocentric distance, which corresponds to a vergence error of 15-30 arcmin. This distance error increased with target distance, which means that there was a larger tolerance to fusion error for the greater distances. However, the maximum error was only 1.2-2.5 mm for the nearest target and 2.6-5 mm for the farthest target. Such errors can be considered as negligible.

A bias rather than a gain change for the calibration of the vergence/distance mapping in Exp. 2

The present telestereoscope paradigm involved exposure to an increased IPD. Calibration of the vergence/distance mapping induced by conflicting vergence-specified distance and actual reach distance was expected to lead to an 740 increased slope (i.e. an increased gain) of the target-to-741 pointing mapping in Exp. 2. As a matter of fact, the post-742 test slope was not significantly different from that of the 743 pre-test and a nearly constant bias was observed. 744 A possible interpretation is that change in gain of the 745 vergence/distance mapping is not an inherent consequence 746 of exposure to increased IPD. The nature of the aftereffect 747 may depend on the exposure conditions. The lack of a 748 distance-dependent effect may have been due to limitations 749 on the exposure environment. First, we avoided rich 750 uncontrolled environments in order to isolate the specific 751 role of vergence in adaptation within reaching space. The 752 poor visual environment limited the number of sources of 753 error. Second, the assessment of distance perception was 754 limited to reaching space in order to get an accurate mea-755 sure of absolute distance with the most accurate method (i.e. 756 by hand pointing). In addition, reaching space represents the 757 locus of maximum interaction between perception and the 758 oculomotor system. However, this restricted exposure range 759 limited the strength of the distance-dependent error signals.

760 Finally, the exposure duration was limited.

761 We found that a bias represented the adaptive response to 762 such an optical distortion of vision under our experimental 763 conditions. The obtained bias may be an economic way for 764 the CNS to solve the conflict in the short term. Although a 765 bias in the post-test might reflect a reduction of the conflict, 766 the amount of adaptation was limited. Such a limited per-767 ceptual adaptation is comparable to that observed with short 768 duration exposures to lateral prisms (Welch 1986). 769 A similar phenomenon was also observed by many 770 authors (Fisher and Ciuffreda 1990;Bobier and McRae 771 1996) in the adaptation of the cross-couplings between 772 vergence and accommodation. Exposure to an increased 773 IPD calls for a change in cross-couplings gain (Miles et al. 774 1987). However, Fisher andCiuffreda (1990) and Bobier 775 and McRae (1996) obtained a bias in tonic vergence rather 776 than a change in the accommodative vergence gain when 777 the range of fixation distances was restricted. It indicates 778 that both the nature and amount of the observed oculo-779 motor adjustments depend on exposure conditions. 780 Restriction of fixation distances during exposure seems to 781 favor tonic adaptation [START_REF] Miles | Optically induced changes in the couplings between vergence and accommodation[END_REF]Bobier and 782 McRae 1996). At the opposite, exposure to a constantly 783 changing stimulus has been reported to reduce or prevent 784 tonus adaptation [START_REF] Paap | Concomitant direction and distance aftereffects of sustained convergence: a muscle potentiation explanation for eye-specific adaptation[END_REF]. 

Fig. 1 a

 1 Fig. 1 a Telestereoscope geometry. Inner and outer vertical mirrors are parallel and slanted at 45°from the sagittal plane. They are separated by an orthogonal distance d. The interpupillary distance is IPD and the apparent interpupillary distance IPD'. Virtual eyes are shown in gray and are displaced backwards and outwards by a distance h = dH2. The fixation point is represented by the dot labeled N (for ''natural'' viewing condition), placed at distance y from the subject's eyes. Gray lines represent the direct lines of sight from the real and virtual eyes. The red line is the reflected light-path from the target to the eyes. Fixation at the dot labeled N requires the convergence of the two lines of sight onto the dot labeled V, at

Fig. 2

 2 Fig. 2 Individual examples of distance estimation for Exp. 1 (panel a) and Exp. 2 (panel b) for two different subjects. In both panels, each point represents the average value of the pointing distance (vertical axis) for each target (horizontal axis), in each condition (blue-filled circles: pre-test, green-filled squares: exposure, red open circles: post-test). Standard errors are indicated by vertical bars. Regression lines for each condition are shown in the respective colors. The gray line indicates the ideal response under normal viewing

Fig. 3

 3 Fig. 3 Aftereffects in Exp. 1 and 2. The vertical axis represents the aftereffect, computed as the difference in the mean pointing distance from the pre-to post-test conditions. Each subject in each experiment is represented by a point (filled circles for Exp. 1 and open squares for Exp. 2). Horizontal lines show the mean value of the aftereffect in each experiment (solid line for Exp. 1 and dotted line for Exp. 2). Gray horizontal strips represent the ±1 SE interval of the estimation of the means

Fig. 4

 4 Fig. 4 Distance estimation mean across subjects, in Exp. 1 (panel a) and Exp. 2 (panel b). Conventions are the same as in Fig. 2 (bluefilled circles: pre-test, green-filled squares: exposure, red open circles: post-test). Standard errors are indicated by vertical bars. In the left panel, the error bars are plotted on one side only, for sake of clarity. Regression lines for each condition are shown with the corresponding color. The gray line indicates the ideal response under normal viewing

Fig. 5 a

 5 Fig. 5 a Theoretical responses using the different signals used for distance estimation under telestereoscopic viewing. The pointing distance (vertical axis) is plotted against the target distance (horizontal axis). The solid line represents the distance as specified by vergence (V) and the dashed line shows the distance as specified by accommodation (A) for a telestereoscope with a 70-mm frontal separation between mirrors. The gray line represents the physical distance to the target under natural viewing (N). The mean group response for each target is shown with green open squares. b Change in the linear-regression coefficients between pre-test and exposure
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790 response to an inter-sensory conflict or to a conflict between 791 expected and actual visual feedback. These two components 792 were disentangled using different exposure paradigms. The 793 calibration of the vergence/distance mapping resulting from 794 distorted visual feedback consisted in a constant bias rather 795 than the expected change in gain. Further studies are needed 796 to determine whether the observed failure in a complete 797 calibration is caused by limited distance exploration, too 798 short exposure duration, or the nature and the intensity of 799 the oculomotor/visuomotor conflict. 800 Acknowledgments The authors thank Ve ´ronique Chastres for help 801 with the statistical analysis. They also thank Mark Mon-Williams and 802 an anonymous reviewer for their helpful suggestions. The experi- 803 ments were performed in the ''Plateforme Mouvement et Handicap'' 804 HCL-IFNL (Lyon, France). This research was partly supported by 805 grant No 07CO802 from De ´le ´gation Ge ´ne ´rale pour l'Armement.

806 Appendix 807 The distance estimated by pointing was assumed to be 808 linearly correlated with both target distance and time. The 809 coefficients were computed for the five open-loop condi-810 tions (pre-and post-tests in Exp. 1 and 2, and exposure in 811 Exp. 1), according to the following model:

813 813 where t is the time elapsed since the beginning of the pre-814 test, post-test or exposure conditions, x is the target 815 distance, y is the pointing distance and x 0 is the mean value 816 of the target distances (430 mm). Since the target distance 817 mean value is subtracted from x, the term a(t) corresponds 818 to the mean pointing distance at a given instant t. The 819 coefficient b(t) is the instantaneous slope of the target-to-820 pointing mapping. A simple linear model is assumed for 821 describing the temporal evolution of a and b: