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Summary. The spatial and temporal organization of hand and eye movements were studied in normal human subjects as they pointed toward small visual targets. The experiment was designed to assess the role of information about target position in correcting the trajectory of the hand when view of the hand was not available. To accomplish this, the duration of target presentation was systematically varied across blocks of trials. The results of this experiment showed that pointing movements were about 3 times more accurate when the target was present throughout the entire pointing movement, than when the target disappeared shortly after the hand movement had begun. These data indicate that pointing movements made without view of the limb are not purely preprogrammed but instead, are corrected during their execution. These modifications to the motor program are smoothly integrated into the ongoing movement and must depend upon comparing visual information about the position of the target with nonvisual information about the position of the limb. The source of this non-visual information was not directly established in the present experiment but presumably must be derived from kinesthetic reafferences and/or efference copy. Key words: Retinal feedback - Limb m o v e m e n t Trajectory control - Man



Introduction From the recent studies on goal directed arm movements, a considerable number of results have been Offprint requests to: C. Prablanc (address see above)



interpreted in the light of the well known speedaccuracy trade off. Fitts (1954) interpreted the mathematical relationship between the duration of a movement and its index of difficulty (ratio of required displacement to target size) as a function of the limited capacity of channels within the CNS to transmit information. At the same time he assumed that the error of the initial motor program is corrected "on line" by comparing the position of the target with the position of thc limb, the retina playing the same role as a feedback comparator in a servomechanism. This interpretation, however, was challenged by Klapp (1975) who questioned whether Fitts' law reflects the time necessary for the corrections based on feedback or the time necessary for the optimization of the programming itself. He showed that for small movements an increase in accuracy could be obtained by lengthening the reaction time, presumably because the increased time permitted a better selection of motor commands to the muscles. Rabitt and Rodgers (1977) have also shown that amendments to an ongoing response could be based on information derived from previous experience and extrapolation from previous trials. Following Fitts' idea, a number of authors (Keele and Posner 1968; Beggs and Howarth 1972; Carlton 1981; Crossman and Goodeve 1963) have suggested (or assumed) that the corrections that occur during the course of a reaching movement depend largely on comparing the position of a seen hand with that of a seen target. According to this view, the initial movement of the limb is ballistic and only later does dynamic visual feedback correct the movement trajectory (Paillard 1980; Beaubaton and Hay 1982). However, in an earlier experiment (Prablanc et al. 1979), we showed that when subjects were required to point toward a small visual target without any visual feedback from their moving hand, the relationship between movement duration and accuracy
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Fig. 1. Experimental apparatus showing the matrix of electroluminescent diodes (LEDs) on upper surface, the semi-reflecting mirror on middle surface and the recording lower surface. Each of the 8 LEDs used l~r5ng between C and E can be selected by a random code generated by the computer. The subject with his head fixed by a bite-board sees the target E' (virtual image of the lit LED E) on the pointing surface through the semi-reflecting mirror. Starting from the central position C', he can point without vision of his hand, the light between the 2 lower surfaces being turned off by an electronic shutter (within 5 ms) at onset of hand movement. Horizontal eye movements are recorded by electro-oculographic technique, and hand position by a thimble attached to the finger; when the thimble is on the surface (fed by a current) it transmits its coordinates. Eye and hand data acquisition are performed on line; each elementary response is displayed onto an interactive terminal for some seconds, allowing the experimenter to nullify artefacts. The left hand of the figure summarizes the parameters recorded on the oculomotor and manual response (from top to bottom) following a target step 0T:TE, TED, 0E and TH, THD, OH are respectively the latency, duration and position of the response, ATE is corrective saccade latency. The box "feedback" shows that a new stimulation can be triggered by eye velocity signal when it exceeds a threshold level (see Part II)



nevertheless conformed to Fitts' law. This result would suggest that visual feedback about the relative positions of the hand and target is not the only source of information about the accuracy of the reaching movement, and that information derived from proprioception and/or efference copy of the motor commands can also play a role in modifying an ongoing movement. Such information must have been compared to some internal representation of the position of the target. Most of the recent investigations on pointing movements at visual targets have paid little attention to the nature of the representation of the target. In the case of repetitive movements made between two targets in the same location, a "stored" internal representation of target position relative to the body can be used. On other occasions, foveal or nonfoveal vision of the target might be used as the movement is executed. In either case, it is often



implicitly assumed that the information about the location of the goal contains no error component, and that errors occur at the level of the programming and of the execution of the movement. In our earlier work (Prablanc et al. 1979), we showed instead that subjects are less accurate in pointing in the dark at a peripheral visible target when they are not allowed to foveate the target. This result suggests that an increase in accuracy of locating the target is due either to the sharpness of the foveai image, or to the alignment of the gaze onl~o the target, or to both. The present experiment was designed to extend these observations of pointing movements made without view of the hand, to examine the effect of manipulating the time over which the target was visible, and to clarify the nature of the information that the target provided. In every case, subject was pointing toward a small visual target as soon as it was presented in his peripheral visual field. In no case,
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could the subject see his hand as it moved toward the target. What we manipulated was the time the target remained visible during the movement and the way in which the subject was instructed to move his hand and eyes. Several questions were asked. First, would subjects be more accurate when the target remained visible than when it disappeared after the reach had begun? If they were, then this would suggest that some sort of reafferent control of movement was taking place even when visual information about the position of the hand was not available. Second, if they did do better when the target remained visible, was the information about the position of the target that they used to modify their movement derived from gaze position alone or from gaze position plus a retinal error signal? In other words, would a foveal anchoring on the target favor pointing accuracy much more than a foveal landing followed shortly by disappearance of the target.



Fig. 2. The four experimental conditions. In all these, vision of the hand is allowed in the central position and is cut off at onset of hand movement (thick arrows). The three traces represent target, eyes and hand position, respectively. The steps of the target position followed by motor responses which are recorded are always from the center position to a randomly selected peripheral one, therefore the backward steps are not shown. Errors are indicated by the arrows for oculomotor and manual responses. The vertical dotted lines indicate the onset of hand movement (also the end of target presentation) in condition 1, the end of the main saccadic response in condition 2, the onset of hand movement and the end of the main saccade (signaled to the subject by a click at the headphone) in condition 4. In the three first conditions the subjects have to respond as quickly as possible with both their eyes and hand; visual stimulus is cut off at the onset of hand movement in condition 1, or 120 ms after the end of the main saccade in condition 2, or stimulus is present for 2.5 s, i.e. throughout the motor responses in condition 3. Instead, in condition 4 the subjects have to wait for a click at the headphone, triggered by the end of their main oculomotor response, before pointing to the target which vanishes at the onset of the hand movement (as in condition 1)



Methods



Apparatus The apparatus we used is illustrated schematically in Fig. l (for details, see Prablanc et al. 1979). An array of red light-emitting diodes (LEDs) was located above a half-reflecting mirror. Below the mirror was another surface, on which the virtual image of an LED was projected. A subject was seated in front of the apparatus with the index finger of his right hand resting on the lower surface. The subject's head was immobilized with a bite bar and horizontal eye movements were monitored by electrooculography (with automatic drift control and with a low-pass filter from DC to 30 Hz). The illumination of the surface beneath the mirror (through which the subject could see his hand) could bc eliminated within 5 ms by means of an electronic shutter.While the subjccrs view of his hand would disappear, he would still see the virtual image of the LED in depth on the surface below the mirror. The subject's fingertip was covered with a metal thimble. When this thimble contacted the conductive surface on which the subject made his pointing movements, the coordinates of that position were recorded. The spatial location and the duration of the target along a fl'onto-



296 parallel line were controlled by an on-line computer (PDP8) that monitored and recorded the movement of the hand and eyes.



Experimental control and data acquisition The computer-based system for controlling the experiment and recording data has been described in detail in an earlier publication (Echallier et al. 1978). Position signals from the eyes and hand were sampled at 200 Hz for 1.5 s following target presentation. These signals were stored on digital tape with an on-line computation of the following parameters: latency and duration of the initial saccade, eye position at the end of that saccade, latency and duration of the hand movement, and the position of the index finger at the end of the hand movement. Logic signals generated at the beginning and end of the cyc and hand movements could be used to control onset and offset of illumination of the hand and the duration of the target.



Procedure Ten subjects with normal vision were tested. After their EOG signal had stabilized, they wcrc instructed to keep their gaze and the index finger of their right hand on a central target located about 54 cm in front of them on their body axis. When this target jumped from its central location to a randomly selected position in their right periphery, they were required "to look and point to the target as quickly and as accurately as possible". With the exception of one testing condition described below, no mention was made of the sequence of eye and hand responses they might makc. As soon as their finger left the surface on which it was resting, their entire hand and forearm vanished from view. After completing their movement, subjects had to wait for the target to reappear at the center, before returning their gaze and hand to the central position. Illumination of their hand was restored only at the onset of the hand return movement when the target was already back to its central position. Subjects therefore had no visual information about the accuracy of their pointing movcment to the peripheral target, even though they could accurately return their finger to the central target under direct visual control. Peripheral targets were always presented on the right sidc along a frontoparallel line at distances of 20, 24, 30, 34, 40, 44, 50, and 54 cm from the central target with an equal probability of occurrence. As the fronto-parallcl line of targets lay at a distance d = 54 cm from the subjects' eyes, the resulting ocular angle from the midsagittal plane was equal to arctg (target eccentricity/ distance), corresponding respectively to 20.3 deg for 20 cm, 29 deg for 30 cm, 36.5 dcg for 40 cm and 42.8 deg for 50 cm. Although thc main parameters described refer to hand pointing accuracy, it should be kept in mind that target position in cm from the midsagittal plane corresponds to a slightly smaller number in degrces of visual angle. Only responses to the 20, 30, 40, and 50 cm targets were analyzed. The other targets were used to prevent the subjects from constructing an intcrnal represcntation of the target positions, something that might have occurred had we used only 4 target positions. When asked at the end of the experiment, how many targets had been presentcd, most subjects answered 5 or 6.



Experimental design Each of the 10 subjects was tested under four different conditions (see Fig. 2). In all conditions, the same initial cues were available, namely, normal view of the hand and target prior to the hand movement. As soon as the finger lifted from the surface, however, view of the hand disappeared. Each condition consisted of 80 trials



in which each of the eight different targets were presented 10 times in random order. The same instructions were given in conditions 1, 2 and 3 below, in order to obtain the same close coupling between the onset of e.m.g, activity in eye and hand, as that had been already observed by Biguer et al. (1982) in a similar task. In Condition 1, when the index finger left the central position, vision of both the hand and the target disappeared. In Condition 2, the target remained in view slightly longer, disappearing 120 ms after the end of the first saccade. This delay permitted the subject to make a corrective saccade so that his gaze could be aligned with the target position (even though the target itself would no longer be visible). In Condition 3, the target remained illuminated throughout the entire pointing movement. In this condition, both accurate gaze position information and a retinal error signal were available to the subject. In Condition 4, subjects were asked to delay their hand movement until they had completed their first eyc movement toward the target. A brief tone signalled the end of their first saccade, initiating a pointing movement to the target. As soon as their finger moved from the central position, view of both their hand and thc targct disappeared. Thus, in this condition, subjects had an opportunity to preprogram their hand movement on the basis of accurate foveal information about the position of the target. Half the subjects (Group I) werc tested in the order, Condition 1, 4, 2, and 3. The other half (Group II) were tested in the reverse order.



Results F o r e a c h o f t h e 10 s u b j e c t s , t h e l a t e n c i e s o f t h e e y e and the hand, the duration of the hand movement, a n d t h e e r r o r o f t h c final p o s i t i o n o f t h e f i n g e r w e r e a v e r a g e d a c r o s s t h e 10 trials f o r t h e 20, 30, 40, a n d 50cm targets under each of the four conditions (see T a b l e 1). T h e s e d a t a w e r e s u b j e c t e d to an a n a l y s i s o f v a r i a n c e . T h e d e s i g n o f this a n a l y s i s w a s 4 ( C o n d i tion) • 4 (target displacement) • 2 (order of t e s t i n g ) . T h e r e s u l t s o f this a n a l y s i s a r e s u m m a r i z e d in T a b l e 2.



Latencies A s T a b l e 1 i n d i c a t e s , t h e l a t e n c y o f t h e first s a c c a d e i n c r e a s e d slightly b u t s i g n i f i c a n t l y in all c o n d i t i o n s as t h e d i s p l a c e m e n t o f t h e t a r g e t i n c r e a s e d ( F 3, 128=6.8, p 
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