









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Human Movement North-Holland



197



Science 2 (1983) 197-210



COORDINATION FORMATION *



ASPECTS



OF ARM TRAJECTORY



Pietro MORASS0 Universitic di Geneva, Italy



Morasso, Pietro, 1983. Coordination aspects tion. Human Movement Science 2, 197-210.



of arm trajectory



forma-



Arm trajectory formation refers to that level of the motor control system where patterns of motor commands are generated from symbolic descriptions of arm movements. Therefore, such a level separates a domain of “motor planning” from a domain of “motor processing” and coordination refers to the synchronization of different motor processes, which may be nested at different levels, one inside the other. Trajectory formation defines one such level. More abstract levels of coordination concerned with the motion of the two hands (inter-manual coordination) and with the interplay between rotation and translation of one hand (intra-manual coordination) are experimentally investigated.



1. Introduction Arm trajectory formation refers to that level of the motor control system where patterns of motor commands are generated from symbolic descriptions of arm movements. Therefore, such a level separates a domain of “motor planning” from a domain of “motor processing”. The former domain is concerned with the morphology of the movements, i.e. with time-independent geometrical entities, whereas the latter domain is concerned with time-dependent processes. Coordination refers to the synchronization among the different motor processes, for example the two motor processes associated with the
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motions of the two hands or the two motor processes associated with the translation and the rotation of one hand. The experimental findings reported in previous papers (Morass0 1981; Abend et al. 1982) suggest that arm trajectory formation is concerned with the motion of the hand rather than with the motion of the joints. Furthermore, the data are compatible with a computational model (Morass0 and Mussa Ivaldi 1982) which generates trajectories as a composition of chains of basic trajectories, called strokes. Each stroke is a segment characterized by geometrical parameters (length, tilt, curvature) and by a generation process which has a bell-shaped velocity profile. Trajectories are then generated by superimposing subsequent strokes appropriately synchronized (before one stroke is over, the next one is initiated and so on). The synchronization between subsequent strokes is a level of coordination. Other levels of coordination are nested one inside another, the inner levels being oriented toward joints and muscles and the outer levels expressing more general and abstract representations. Perhaps, the inner/outer distinction may seem in contrast with the more familiar However, the latter has mainly an central/peripheral distinction. anatomical meaning, wheras the former has the functional meaning of expressing the potentially endless number of computational layers which can be nested around a basic hardware, the musculo-skeletal system of the arm in this case. In particular, an inner level is concerned with the joints, i.e. it faces the so-called inverse kinematic problem (Benati et al. 1982), whereas outer levels of coordination, considered here, are concerned with the motion of the hands (inter-manual coordination) or with the interplay between translation and rotation of one hand (intra-manual coordination). In any case, it must be stressed that the level of analysis is “computational”, i.e. it aims to ascertain “what has to be computed and why” (Marr 1982) and it has no direct relationship with specific implementation mechanisms which might be based on a variety of phenomena. In contrast with most of the experimental works on hand/arm motion which deal with visually-triggered goal-oriented movements, the present paper considers “aim-less” movements which can better show the performance of the central nervous system in generating shapes, mirroring its ability to perceive shape. Furthermore, the study of the spatio-temporal characteristics of visuo-manual patterns, when varying the amount of visual information, suggests an early parallel processing
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of the two motor outputs (Prablanc et al. 1981). The main experimental finding is that intra-manual coordination is characterized by a substantial independence in the timing of the two motor processes (translation and rotation) whereas inter-manual coordination exhibits a stronger coupling among the two interacting processes. These findings are not in contrast with the experiments reported by Lacquaniti and Soechting (1982) in grasping a handle and by Scott Kelso et al. (1979) in two-handed reaching, which may be considered as two particular cases of visually triggered intra-manual and inter-manual coordination, respectively.



2. Experimental methods Two kinds of experimental



data were recorded:



A: simultaneous B: simultaneous plane.



trajectories of the two hands, and rotation of one hand in the horizontal



horizontal translation



In both cases, the participating subjects (4 adult males) generated motor patterns, in the horizontal plane, following a verbal command, according to different tasks: Al:



A2:



A3: A4: B 1:



perform “synkinetic” movements of the two hands (i.e. simultaneous trajectories with a specular spatial similarity, which involve similar activities of homologous muscles of the arms); perform “homokinetic” movements of the two hands (i.e. simultaneous trajectories with a direct spatial similarity, which involve different activities of homologous muscles of the two hands); perform “heterokinetic” movements of the two hands (i.e. trajectories alternated in time); perform “allokinetic” movements of the two hands (i.e. trajectories with unrelated timing and shape); perform symmetric “waving” [l] movements of one hand (with or without stopping between subsequent cycles);



[ 1] During the “waving” plane and the “rotation”



movements, the “translation” of the hand occurred around



of the hand occurred a vertical axis.



on the horizontal
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B2: perform asymmetric “waving” movements of one hand (with different degrees of asymmetry and with or without stopping between subsequent cycles); B3: perform random “waving” movements of one hand. The movement recording apparatus was based on a video acquisition and display unit VDS mod 701 provided with a vidicon TV camera and interfaced with a PDP 1 l/24 minicomputer via a DRl 1C digital parallel I/O port. VDS 701 digitizes video images according to a matrix of 512 x 512 x 8 pixels. A computer program was written for tracking in real time two targets which were used during the experiments. The targets were circular plastic opaque shapes which appeared to the TV camera (aligned on a vertical axis and provided with a 75mm lens) as black shapes on a uniform white background (which was a sheet of opaline glass lit from behind). In experiment A the two targets were carried by the two hands by means of iron wire rolled around the two index fingers (fig. 1). In experiment B the two targets were connected to a light weight iron wire structure (fig. 4) which was carried by one hand. The tracking algorithm exploits the circular shapes of the targets: starting from a point inside each target, the program performs a linear search in four directions (up, down, right, left) detecting the four points which correspond to the intersection with the target contour of a cross centered in the initial point. Due to the circular shape of the target, its center can be derived immediately from the four detected contour points: such points (x and y coordinates) are stored as data points and are taken as starting points for the next scan. The tracking algorithm fails if the target moves between two sampling instants more than the radius of the targets and such a constraint allows a choice of the appropriate target size. The effective sampling rate is 50 samples/s (at this rate the program can track up to 4 targets). The recorded trajectories of each target consisted of two arrays of n samples ( xk, yk, k = 1, n). The first two time derivatives ( ik, j,, i = 1, n), (jt,, jj,, i = 1, n) were computed numerically by means of least squares polynomial approximation. For experiment A, from these data it was possible to compute the velocity profile and the curvature profile of each hand [2]: [2] The formula can be readily derived by remembering that the curvature is the inverse of the
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For experiment B, the same variables were computed with respect to the target closer to the hand and the angular velocity of the hand [3] was computed by -A%/AY~



Ok =



k=l,n



Aj,/Ax,



where Axk, A y, are the differences between the coordinates of the two targets and Aik, Ajk are the differences between the corresponding first time derivatives. Of the two equivalent formulas, the one is chosen, for each time instant, which has a greater denominator.



3. Experimental results 3. I, Experiment



A



Fig. 1 shows the recording setup and fig. 2 shows the kind of patterns which are recorded during experiment A (simultaneous movements of the two hands). For each movement, the trajectories of the two hands and the corresponding velocity profiles are displayed. Fig. 2 shows the recorded movements: synkinetic (fig. 2, lower-left), homokinetic (fig. 2, upper-left), heterokinetic (fig. 2, upper-right), and allokinetic movements (fig. 2, lower-right). In all cases, the velocity profile of each hand appears to be seg-



radius of curvature and that the latter can be calculated by considering, for each point of the trajectory, a nearby point forward and a nearby point backward: the three points identify a circle whose radius is the radius of curvature. A negative curvature identifies clockwise rotations and a positive curvature identifies counterclockwise rotations. [3] The formula can be easily derived from the general formula which expresses the distribution of velocities on a rigid body (up = uo + w X eon, where 0 and P are two points on the rigid body, uo and up are their velocity vectors, rap is the vector which joins 0 to P, and w is the angular velocity vector). In our case (planar movements in the xy plane) the r-components of uo, up, rap are null and only the r-components of w is not null. From this it is easy to invert the previous formula in terms of y.
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Fig. 1. A TV-frame during the acquisition trajectories of the two round targets carried



of inter-manual coordination by the two hands.



with the superimposed



mented in agreement with previous findings (Teulings and Thomassen 1979; Viviani and Terzuolo 1980; Abend et al. 1982). For homokinetic and synkinetic movements, the two velocity profiles appear to be in phase, i.e. with good approximation the corresponding peaks on the velocity profiles coincide, irrespective of their amplitudes. For heterokinetic movements, the two velocity profiles are no longer in phase and the time instants at which one profile reaches a peak tend to coincide with the time instants at which the other profile goes to, or comes from, rest. If each velocity peak is associated with a hand stroke characterized by a bell shaped velocity profile, then the last finding can be interpreted by saying that for heterokinetic movements the stroke generating functions of the two hands tend to be delayed by about half the stroke duration. For allokinetic movements, the relationship between the two profiles is less obvious. However, if one looks carefully at the profiles, one may discover quite a few cases in which either two peaks are in phase or one peak on one curve is in phase with a minimum point on the other curve. These two types of events correspond exactly to the two different types of synchronization characteristic of homokinetic and synkinetic move-



P. Morasso



/ Arm



ii-‘+‘CtOr~



formatmn



203



Fig. 2. Patterns of inter-manual coordination: synkinetic movements (lower-left), homokinetic movements (upper-left), heterokinetic movements (upper-right), allokinetic movements (lowerright). V: velocity profile. Vertical Calibration: 1 m/set. Movement Duration: 8 sec. Sampling time: 20 msec.



ments, on one hand, and of heterokinetic movements, on the other, and it might be thought that perhaps allokinetic movements are just made up by mixing in different ways synkinetic, homokinetic, and heterokinetic patterns. In order to test such an hypothesis, a synchronization coefficient ‘s’ was defined for expressing the correlation between the two profiles. The coefficient was chosen in such a way that it is zero if the time of peak on one curve coincides with a time of peak on the other curve and it is plus or minus one if it coincides with a minimum
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time on the other curve. In particular, if t, is a time of peak on one curve, and t,, t,n identify, on the other curve, two adjacent times of peak and minimum in such a way that t, is contained in the interval (t,, t,) or (t,, tM), then s is defined as follows:



s = hf - fo)/h4 - t,l. This coefficient was computed for some allokinetic movements (8 movements, 8 set in duration, with a random delay of 2 to 5 set between consecutive trials) and an histogram of the collected data was built for each subject. Fig. 3 shows one of the histograms (it is representative of the whole sample) and it indicates that the values of the synchronization coefficient tend to cluster around the value 0 and the values + 1. In other words, allokinetic movements do not appear at all to be independent and their synchronization seems to switch between two modes: the mode characteristic of synkinetic and homokinetic movements and the mode characteristic of heterokinetic movements. These findings are compatible with the results of Scott Kelso et al. (1979) who, studying the coordination of two-handed movements, found that humans simultaneously initiate and terminate two handed movements of widely disparate difficulty and that the corresponding velocity peaks are in phase.



N- 104



mm ,*lwN* L I,_ INTER MRNURL SYNCHRONIZRTION COEFFICIENT



Fig. 3. Histogram



of the inter-manual



synchronization



coefficient.
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Fig. 4. A TV-frame during the acquisition of intra-manual trajectories of the two round targets carried by the hand.



3.2. Experiment
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with the superimposed



B



Fig. 4 shows the recording technique which refers to experiment B (simultaneous translation and rotation of one hand) and fig. 5 shows the translation/rotation patterns recorded during the different experiments. In particular, the uniformly sampled points of hand trajectories are displayed together with line segments which identify the current hand orientation. The corresponding profiles of velocity, curvature, and angular velocity are displayed underneath. Fig. 5 upper-left and fig. 5 upper-right show the patterns for symmetric periodic waving movements with and without stopping between subsequent cycles; fig. 5 lower-left shows the patterns for asymmetric periodic waving movements; fig. 5 lower-right shows the patterns for “random” waving movements. All movements show the characteristic segmentation of the velocity profile and the well-known coupling between the velocity and the curvature profiles. The angular velocity profile is in phase with the curvature profile for
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Fig 5. Patterns of intra-manual coordination. Small filled squares identify samples of the hand trajectories. The segments attached to each square identify the instantaneous orientation of the hand. V: tangential velocity of the hand trajectory; (calibration: 1 m/set); C: curvature profile of the hand trajectory (calibration: 50 mm ‘); 0: angular velocity of the hand rotation (calibration: 1.8 rad/sec); Movement duration: 8 sec. Sampling time: 20 msec.



symme:ric periodic waving movements (i.e. the angular velocity reaches its peak when the curvature reaches its peak, i.e. when the hand velocity goes to a minimum). However, different phase relations between the curvature and angular velocity profiles can be found for asymmetric waving movements of different kinds, such as the movement of fig. 5 lower-left in which the angular velocity is phase-advanced with respect to curvature. As a consequence, the hypothesis might be formulated that perhaps, in contrast with inter-manual coordination, intra-manual coordination (i.e. the coordination between translation and rotation of
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one hand) is characterized by a continuous and not by a discrete variation of synchronization. In order to test this hypothesis, random waving movements were recorded and the same synchronization coeffiN=319
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Fig. 6. Histogram



of the intra-manual



synchronization



coefficient.



cient defined above was computed, taking t, as a time of peak angular velocity and t,, t, as the times of peak and minimum hand velocity which contain t,. The histogram of the coefficient (fig. 6) shows that the values of the synchronization coefficient do not cluster around preferred values, a fact which is in agreement with the previous hypothesis. This histogram is related to the same subject as in fig. 3 and it is representative of the behaviour of the four subjects. It stores the data from 40 random waving movements, each one about 8 set in duration (with a 2 to 5 set delay between consecutive trials). It is important to note that for the kind of movements which are considered here this is not an obvious result, since the same joints (shoulder, elbow and wrist) contribute to both the translational component and to the rotational component of intra-manual coordination. Therefore, the independence of the two components does not simply correspond to a dissociation of the acting joints into two orthogonal groups, as it may happen in some particular configuration of the arm: this is the case, for example, of the experiments reported by Lacquaniti and Soechting (1982), who studied the forward projection of the arm in the vertical plane together with a rotation of the hand in the same plane.
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Associated movements of different joints of the arm (flexo-extension of the wrist and flexo-extension of the elbow) were studied by Kots and Syrovegin ( 1966) who found evidence for a preferential coupling of certain joint rotation patterns. However, the task assigned to their subjects specified the motion of the joints, i.e. it was on a lower level than the task of the present experiments which were concerned with the motion of the hand. A similar remark can also be addressed to the preferential coupling between voluntary movements of ipsilateral limbs found by Baldissera et al. (1982). Therefore, it may be concluded that low level tasks (involving the joints) tend to exhibit a less uniform performance than higher level tasks (which involve the motion of the hand).



4. Discussion With regard to inter-manual coordination, joint pointing movements of the two hands were studied by Scott Kelso et al. (1981) for a situation of large difference in the “difficulty” of the two movements: in contrast with what Fitts’ law (Fitts 1964) suggests one to expect, the two movements initiate and terminate simultaneously, supporting the notion of a strong coupling among the two motor commands. The present results confirm and extend these findings. In particular, the kinematic patterns of synkinetic and homokinetic movements exhibit the same type of synchronization found by Scott Kelso and heterokinetic movements are characterized by a different, but equally strict, type of coupling between the two hands: even allokinetic movements, i.e. free-wheeling concurrent scribbles, do not show a substantially different type of coordination. In contrast, intra-manual coordination seems to be characterized by a substantial independence of the two motor subprocesses (translation and rotation) not only in the case of mechanical uncoupling among the joints which determine the two movements (Lacquaniti and Soechting 1982) but also in the case of mechanical coupling, as in the reported experiments. In a sense, it is a paradox to find a strong functional coupling in inter-manual coordination (characterized by the absence of the mechanical coupling between the two motor sybsystems) and a consistent functional independence in intra-manual coordination, even in the case of strong mechanical coupling. However, such an apparent paradox is
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significant for exploring the motor architecture which underlies coordination. If the different levels of the motor control system nested around the basic musculoskeletal apparatus (the inner level) are considered, it can be agreed that, moving from the outer to the inner layers, there is an increasing degree of coupling among the subsystems of each layer due to specific, physical reasons: for example, double joint muscles couple the action of adjacent joints, inertia in principle couples all the joints for any small movement or postural adjustment, the vestibulo-ocular reflex couples the motion of the head and of the eyes, and so on. In short, it may be called “hard” coupling, but in addition “soft” coupling must be considered, i.e. the kind of coupling among subsystems due to the explicit computational activity of the motor control system. For a flexible, dexterous visuo-motor machine, “soft” coupling must progressively increase in proceeding from inner to outer levels of motor control, because this is the only way to deal with the so-called “degree of freedom problem” (Bernstein 1967). Now, if it is agreed that intramanual coordination represents logically an inner level of motor activity with respect to inter-manual coordination, it is not surprising to find a greater coupling in two-handed movements than in the interplay between translation and rotation of one hand. In pursuing such an approach, it is possible to hypothesize that motor planning begins with the activity of some kind of “expert system” which produces symbolic descriptions of motion for each of the motor subsystems considered. Such descriptions do not need to be detailed programs of the movements but must only store the qualitative and quantitative stream of parameters, necessary to trigger the activation of concurrent motor generation processes. The result of the interactions among the motor processes, according to the principle of Motor Equivalence (Bernstein, 1967), is likely to be largely independent of the specific sets of muscles involved in the actual performance and, then, it requires a final transformation of motor commands to all the muscles, i.e. a process of “motor flow” which is analogous to the process of “optic flow” for the visual system (Gibson 1979). Summarizing, an extensive computational approach toward motor coordination might require a motor architecture which integrates (i) a motor expert system, (ii) a motor concurrent processor, (iii) a motor data flow processor. Methodological/modeling tools for dealing with problems of this nature are partially available in different areas of Artificial Intelligence and Computer Science, whereas their integration
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for approaching the study of skilled anthropomorphic machines is certainly lacking. Nevertheless, the need is felt and it is congruent with the philosophy of the fifth generation computers. The latter remark is relevant to the discussion because computational models are intrinsically tools for both the anaylsis and the synthesis of complex information processing systems. The motor control system is one such complex information processing system.
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