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Nishikawa, Kiisa C., Sara T. Murray, and Martha Flanders. Do  optimization of dynamic torques, then the final posture should
arm postures vary with the speed of reachidgNeurophysiol81:  change with speed. The final arm plane (the plane formed by
been observed to follow a similar path regardless of speed. Recgﬁ%gne at the slowest speeds because this is the posture that

work on the control of more complex reaching movements raises . . . r
question of whether a similar “speed invariance” also holds for the nimizes the antigravity torques at the shoulder (0-intercept

additional degrees of freedom. Therefore we examined human nn':ig' 1B). .
movements involving initial and final hand locations distributed 1Nhe purpose of this study was to test whether the arm

throughout the three-dimensional (3D) workspace of the arm. Despli@dlows the same path and reaches the same final posture for a
this added complexity, arm kinematics (summarized by the spatf@nge of movement speeds. Although speed invariance has
orientation of the “plane of the arm” and the 3D curvature of the hardzgeen reported for planar arm movements (Atkeson and Holler-
path) changed very little for movements performed over a wide ranpach 1985; Flanders et al. 1996; Soechting and Lacquaniti
of speeds. If the total force (dynamie quasistatic) had been opti- 1981), we are aware of no study of speed effects on arm
mized by the control system (e.g., as in a minimization of the chang@styres for movements to targets in three-dimensional (3D)
in joint torques or the change in muscular forces), the optimal soluti ace. A secondary purpose of this study (as discussed subse-
would change with speed; slow movements would reflect the mini ently) was to attempt to repeat the demonstration of a dra-

antigravity torques, whereas fast movements would be more stron tic d d f final t initial t f
influenced by dynamic factors. The speed-invariant postures obser gt/c dependence of linal posture on initial posture for remem-

in this study are instead consistent with a hypothesized optimizatiBg"€d (as well as visible) target locations.
of only the dynamic forces.
METHODS

Four subjects (2 male, 2 female) participated in these experiments
INTRODUCTION and gave their written consent to all experimental procedures, as

. . approved by the University Human Subjects Committee. The purpose
Soechting and colleagues (1995) showed that the final agfiihe experiment was unknown to the subjects. The only instructions

posture at the end of a reach could be predicted from the initiglen were the starting location, ending location, and desired speed
posture by assuming that kinetic energy (a dynamic, forcgtast,” F; “normal,” N; or “slow”, S). The first subject was instructed
related parameter) was minimized. Although the kinetic energhat fast meant to move as fast as he could, whereas (to avoid dynamic
of fast movement is greater than the kinetic energy of slogyershoots) the other subjects were instructed to move faster than
movement, this hypothesis predicts the same final postii@mal but not quite as fast as possible. The seated subjects held a
when comparable movements are performed at a wide rang@%ﬁ-shaped stylus at the initial target and moved the tip to th_e final
speeds. This is because the dynamically optimal posture gg.t W':ﬁn a Fotneh"‘l’g.s heard. St“bf‘:tts we_ref asketg_to_ retfralrtw_ from
pends only on the geometry of the mass distribution of the ar ending the wrist (holding a pen tends to reinforce this instruction).

th followi h h of | ! ial . All targets were indicated by X 1 cm fluorescent markers, weighted,
with arm movement following the path of least inertial resis;,q suspended from the ceiling. Accuracy was not emphasized, and

tance. However, despite the excellent fit of the experimentglpjects tended to stop just short of the target without hitting it.

data to this dynamic prediction, the study of Soechting et al. Arm movements began or ended at one of five target locations

(1995) was limited to movements at the subjects’ preferrgtlable 1). These locations were chosen based on the results of

speed {100 cm/s peak velocity), and whether the predictioBioechting et al. (1995). Of the 8 4 X 3 possible combinations of

also holds for slower speeds remained to be tested. starting location, ending location, and movement speed, only 15 were
As illustrated schematically in Fig.Al there is a trade-off covered during the experiments. These were Left to Center (F, N, and

between the quasistatic and the dynamic components of ?eUpper Right to Center (F, N, and S), Lower Right to Upper Left

0

: ; ; ; -, N, and S), Upper Left to Lower Right (F, N, and S), Upper Right
forces involved in producing reaching movements. The quasi Left (F), Lower Right to Center (N). and Upper Left to Center (N).

static (antigravity) contribution (Flg.ﬁﬂ,_ shaded line) dom".W analyzed each of the conditions where the target combination was
nates at slow speeds, and the dynamic component (solid liggjered at all three speeds (the first 4 target combinations listed
becomes more important at higher speeds (see also Atkegf¥iously). The extra movements were included in the experimental
and Hollerbach 1985; Hollerbach and Flash 1982). If slogesign to prevent subjects from memorizing target locations in the
movements were primarily governed by an optimization difst (“virtual target”) part of the experiment. Subject 1 performed five
antigravity torques and fast movements were dominated by @petitions of each movement type, whereas the other subjects per-
formed seven repetitions. All trials were presented in random order.
The costs of publication of this article were defrayed in part by the payment FOr €ach subject, the experiment consisted of two parts. First, the
of page charges. The article must therefore be hereby magdtftisemerit  subject reached for a “virtual” final target, which was removed from
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ view <1 s before the tone. In the second part, the subject reached for
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A 20— . , define arm posture for a given hand location is the parametehich
7 | aynamic specifies the angle that the normp) (o the plane of the arm makes
o i component with the horizontal plane (Soechting et al. 1995). Oncis deter-
- i \ mined, the shoulder angleg & yaw angle,f = upper arm elevation,

15— and{ = angle of humeral rotation) are uniquely determined, and the

elbow angle ¢) depends only on the distance of the target (or hand)

Peak - from the shoulder. Path curvature was quantified with a standard index
Joint — . . i representing the maximum perpendicular distance of pen tip from a
Ot 10— anti-gravity component straight line from path beginning to end divided by the length of this

Torque - i straight line (Atkeson and Hollerbach 1985). Index of curvature

(Nm) ] typically has a counterclockwise—clockwise sign convention with

values of £0.5 representing semicircles. However, because in this

study paths were in 3D and speed effects were very small, we used
unsigned values multiplied by 100% (thus a semicircle would have

50% curvature).

The final posture of the arm and curvature of the hand path were
regressed against “speed” separately for each target combination and
each subject. Speed was measured as the peak tangential velocity of
the pen and ranged on a continuum fren20 to 300 cm/s, despite
instructions to move at only three speeds. As illustrated schematically

0 25 50 75 100 125 150 175 200 225 250
Peak Tangential Velocity (cm/s)

B 400—: in Fig. 1B, significant positive regression coefficients for the plots of
i onlv th / arm posture versus peak velocity would be taken as evidence for an
+ ifonly . € effect of speed.
300 dynamic component
) J is optimized
Final RESULTS
Arm - . . .
Plane . In both the real- and virtual-target conditions, all subjects
(re. 2°°—_ showed a pattern of final arm planes that consistently differed
Vert. - according to the initial arm posture. Figure 2 illustrates these
Plane) \ if the dynamic + results for subject 1. When the subject reached from the Upper
10— anti-gravity components Right target (Up/R) to the real Center target (Ctr), final arm
= are together optimized planes ranged from 35 to 47°. Likewise, for these same target
— (linear approximation) locations but with virtual targets, the final arm planes ranged
] from 36 to 51°. However, when the subject reached from the
® Left target (L) to the Ctr target, final arm planes ranged from

I 1 L T 1 T 1 1 1 1
0 25 50 75 100 125 150 175 200 225 250 12 to 20° for the real targets and from 9 to 24° for virtual
Peak Tangential Velocity (cm/s) targets. Thus final arm plane was dependent on the initial
Fi6. 1. The trade-off in the relative importance of anti-gravity torques ( POsture of the arm. The pattern of variation was very similar to
light shaded line) and dynamic torqués 6olid line) should lead to a variation that seen previously for real targets (Soechting et al. 1995) and
in arm kinematics with movement speds| (nedium shaded line) if the total how can be seen for virtual targets as well.

torque is the object of an optimization algorithm. Although this effect should : : o

be nonlinear, with the sign convention and targets employed in this study Oln. .ComraSt to the large. and g:ons!stent influence of initial
corresponding to a vertical plane areB0° corresponding to the horizontal POSItion, there was relatively little influence of movement
plane), the linear estimate should have positive slope. For most targetsfeed on the progression of the orientation of the arm plane
should also have a zero intercept because holding the arm in the vertical plRfg. 2). In this figure, movement times have been normalized,
minimizes shoulder torques. In contrast, the prediction for a dynamic-onlyq the peak velocity of each trial is represented by color, with
optimization has a constant valuB, (solid line), and for the targets used by . - i
Soechting et al. (1995) it was always positive (ranging from approximate] e red !'ne being the fastest, yellow to blue remes,em'ng
+10° to +50°). In A, typical values for peak joint torque were taken fromintermediate speeds, and gray, brown, and black being the
shoulder—elbow movements in a vertical plane, in the study of Soechting agldwest. Although one can observe some dynamic overshoot
Lacquaniti (1981). Proof of the form of the scaling is given by Hollerbach anghy the fastest movementse(:i trace$, in most cases move-
Flash (1982). ments of different speeds follow a similar series of postures.
a “real” target, which was present during the entire movement. For In moving from the L target to the virtual Ctr target (Fig. 2,
each part, we analyzed a sampie{ 4 X 3 X (5 or 7 repeats)] of four bottom right panel the variation in final arm planes across fast
target combinations at three speeds. Thus we analyzed a total of

60—84 trials per subject for each part of the experiment. TABLE 1. Approximate locations of targets relative to the shoulder
Arm movements were videotaped at 60 fields/s with two video _ _ _

cameras (VP110, MotionAnalysis). Spherical reflective markers were  Targets Distance, cm Azimuth, ° Elevation, °
placed on the right arm of each subject at the shoulder, elbow, wrist,
and also at the tip of the pen. The location of the markers in 3D sp t(L) o 12‘7‘ *_42 ﬁ
was computed in each field during the arm movements. Arm postJt&nte’ (Ct)

. pper Left (Up/L) +74 -25 +24
was calculated from the-, y-, and z-coordinates of the shoulder, ;o Right (Up/R) 151 16 108
elbow, and wrist markers; hand path curvature was taken from the R&fher Right (Dwn/R) +44 +927 —37
marker. The time of movement end was judged from the tangential
velocity of the pen. Positive directions are to the right of a parasagittal plane for azimuth and

The most economical (in terms of number of variables) way tgpward from a transverse plane for elevation.
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Arm - Up/R—» Ctr : L —» Ctr
Plane

(deg) 504

FIG. 2. Inclination of the plane of the
arm (arm plane) plotted as a function of time
for subject 1. Arm plane is defined as the
angle between the horizontal plane and the
perpendicular to the plane formed by the
shoulder, elbow, and wrist. Movement was
from the Upper Right target (Up/R) to the
Center target (Ctr) for the graphs on the left,
and movement was from the Left target (L)
to the Center target (Ctr) for the graphs on
the right. Top graphstrials with real targets;
bottom graphs trials with virtual targets.
Colored lines different movement speeds.
In each panel, the red line represents the
fastest movement, and the black line repre-
sents the slowest movement, with orange,
yellow, green, blue, violet, gray, and brown
representing intermediate speeds. (For ex-
ample, in thebottom left panelred ~ 290
cm/s, yellow=~ 170 cm/s, blue= 90 cm/s,
and black~ 50 cm/s.) The timescale was
normalized to facilitate comparison among
trials with different speeds. Although all
movements were to the same target, final
arm plane differed depending on the starting
position.

Real

(=]

e

Normalized Time Normalized Time

and slow movements was statistically significaRt< 0.01) run opposite to the predictions for total force (dy-
for subject 1. This result is tabulated in Table 2, which alssamic + antigravity) optimization (Fig. B). In the four other
summarizes the relation between final arm plane and peakvement conditions listed here, slopes for subject 1 ranged
velocity for all four subjects and all eight conditions [nonsigfrom 0.00 to+ 0.01°/cm/s and were not significantly related to
nificant (P > 0.05) regression coefficients are in parenthesgseak velocity P > 0.05).

highly significant P < 0.01) coefficients are in boldface type]. Figure 3 shows plots of final arm plane versus peak velocity
Subject 1 also showed significant speed effects for the Lowgf a|| subjects for movements involving Up/R, Ctr, and L
Right (Dwn/R) to the real Upper Left target (UpR, < 0.01) targets. Again one can see that the final posture at the Ctr target

: L Nifrered depending on the initial target. For the movement from
virtual Up/l target (bothP < 0.05). These significant slopes,{h Up/R to the real Ctr target (Fig. ®p left pane), only

however, were quite shallow and were both negative ag; S :
o . o . ect 1 showed a significant speed effect, but it was
positive, ranging from-0.04 to+0.03°/cm/s. Negative SIOpeSnngative ir;)tead of positivgi’(< 0.05 psee Table 2). For the

TABLE 2. Slopes of the relation between final plane of the arm anthovement from the Up/R target to the virtual Ctr target (Fig.
peak velocity of the movement 3, bottom left pang)| all subjects showed a positive correlation,
but only subject 2[(]) showed a significant speed effebt €
Subject 1~ Subject2  Subject 3 Subject 40,01, see Table 2). As summarized in Table 2, for a given
movement condition, typically one or two subjects showed a

Up/R — real Ctr -0.03 (+0.01) +0.02) o0.01) MVE y
Up/R — virtual Ctr (+0.01) +0.05 (+0.03) @o.04) significant speed effect, but significant slopes were shallow and
L — real Ctr (+0.01) +0.02 (+0.03) —0.03  often differed in sign. In the most extreme cases (subject 2:
L — virtual Ctr +0.03 ~0.02 (-0.04)  (-0.02) 40 05; subject 4=-0.05), a threefold speed increase (from 50
Dwn/R — real Up/L -0.04 (+0.00) (+0.03) (0.00) ; o . o
DWN/R — virtual to 150 cm/s) was accompanied by a variation of 5° (0.05°/cm/
UpiL -0.02 +0.01) +0.02) “0.00) S X 100 cm/s) in the spatial orientation of the arm plane, but
Up/L — real Dwn/R  (-0.00) —-0.02 (—0.00) —-0.05  both negative and positive values were observed. The average
Up/L — virtual variation (across subjects and conditions) for a threefold speed
Dwn/R (-0.00) (+0.00) (+0.01) (-0.01)

increase wast0.09°. This is well within measurement error
Values are in °/cm/s. Entries in boldface are significar® at 0.01; those a@nd is negligible compared with the 20-30° variation with
in parentheses are not significant; others are significaRt<at0.05. initial posture.
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Am Up/R—® Ctr . L — Ctr DISCUSSION

The current results are consistent with the idea that the
control of reaching involves an optimization in the specifica-
tion of the dynamic forces but not the antigravity forces. First,

s we showed that the dynamic-only prediction of Soechting et al.

""""""" (1995) also held for “virtual” targets (i.e., targets removed and
remembered just before the subject started to reach). More
importantly we showed that, in contrast to the large, predict-
able effect of initial posture on final posture, there was no
systematic effect of movement speed.

The optimization study of Soechting et al. (1995) was in the
same spirit as others that minimized changes in torque, muscle
force, or muscle activation (e.g., Alexander 1997; Uno et al.
1989; Yamaguchi et al. 1995). In most other experimental and
optimization studies, the arm movement was confined to one
plane, and thus the orientation of the plane of the arm was not
a variable. On the other hand, the approach used by Soechting
did not yield a prediction of hand-path curvature (as discussed
by Soechting and Flanders 1998). Nevertheless, we confirmed
that 3D curvature did not show any consistent variation with
0 , i i , , ,  speed, in consonance with previous descriptions of speed in-

0 100 200 30 0 100 200 30 variance for 2D curvature (Atkeson and Hollerbach 1985;
Peak velocity (cm/s) Peale velocity (cm/s) Flanders et al. 1996; Soechting and Lacquaniti 1981).

Fic. 3. Inclination of the final arm plane plotted as a function of peak Kinetic optimizations such as those discussed above can be

velocity for all subjects. Movement was from the Upper Right target (Up/R) t8gntrasted with results suggesting that kinematic features (e.g.,

the Center target (Ctr) for the graphs on the left, and movement was from e : _
Left target (L) to the Center target (Ctr) for the graphs on the rigbj graphs éind path or joint angles) are under direct control. For exam

trials with real targetshottom graphstrials with virtual targets. Data from the Pl€, the early results of Soe_chting_ and Flanders (1989a,b)
4 subjects are distinguished by symbol type: subjem; $ubject 2[7; subject suggested that arm posture (i.e., joint angles) at the end of a

3. @; subject 4,0. Regression lines were drawn regardless of whether or npéaching movement is a simple function of 3D target location
there was a significant relation (——; @; --:0J, 0). (a mapping between kinematic variables). These experiments
included only one initial arm posture and one speed and there-

. e could not assess whether final posture was also influenced
curvature of the hand path. Averaged index of curvature valua; other factors. When these same authors (Soechting et al.

ranged from 4.2 £0.2)% to 15.6 £1.0)% for the various 1g95) |ater showed a large effect of initial posture on final
target combln:?\tlons and subjects and did not differ S'Qn'fﬂ)‘osture, there was a major difference between the two exper-
cantly depending on whether the target was real or virtghents; Soechting and Flanders (1989a,b) based their conclu-
(t-tests,P > 0.05). Regression results are summarized in Tabigyns on the results of a virtual-target condition, whereas
3. For the movement from the Up/R to the real Ctr target, on§oechting et al. (1995) used only real, visible targets. The
subject 3 had a significant speed effeRt< 0.01). In contrast, current demonstration that predictions of Soechting et al.
all subjects except subject 3 showed a significant speed effgl®95) also apply to the virtual-target condition suggests that
(P < 0.05) for the movement from the Up/R to the virtual Ctthe conclusions of Soechting and Flanders (1989a,b) regarding
target. As was the case for the arm plane data, significahe largely kinematic nature of a sensorimotor transformation
correlations could be negative or positive. In most (25/38hould be amended to include a sizable influence of kinetic
cases the regression coefficients were not significantly differdagtors. Thus this conclusion is now seen to apply to both
from zero (parentheses in Table 3). )

In one sense this lack of evidence for speed effects amouf8-€ 3. Slopes of the relation between curvature of the path and
to acceptance of the null hypothesis (that movement speed Rg&k velocity of the movement
no effect on final arm plane or path curvature). Therefore we
computed the power of our statistical analyses to reject the null

Subject 1 Subject 2 Subject 3 Subject 4

hypothesis when it is false (Zar 1996). In our analysis, W§yR — real Ctr (-0.00) (-0.02) —0.05 (~0.00)
performed eight independent tests (four movements towaspiR — virtual Ctr -0.03 +0.02 (0.03) +0.03
both virtual and real targets) of the null hypothesis for ea¢h— real Ctr (+0.00) (-0.00) (-0.02) (+0.02)

subject and each dependent variable (final arm plane and patii Virtual Ctr (-0.22)  (+0.00)  (+0.00)  (+0.00)
curvature). The average power for an individual subject rangg 252 : \r,?r?llj;p“‘ +0.02 -0.03 (+0.02) (+0.00)
from 75 to 86%. However, because we performed eight indeyp/L (+0.02) (-0.00) (-0.02) -0.02
pendent tests with (scientifically) the same null hypothesis, thig/L — real Dwn/R 0.02) (-0.00) (-0.02) (-0.02)
power of the entire analysis is greater than the power of aH§/L — virtual

individual test. Thus we also used Fisher's combined probaP"™R (70.02)  (000) (000 (009
bility test (Sokal and Rohlf 1995) and found that the combinedyajues are in %/cm/s. Entries in boldface are significar at 0.01; those

power was>95%. in parentheses are not significant; others are significaRt<at0.05.




2586 K. C. NISHIKAWA, S. T. MURRAY, AND M. FLANDERS

visually- and memory-guided pointing. Whether it is also true This work was supported by National Institute of Neurological Disorders

for movements that |nvolve graspn']g remalns to be determln@dd Stroke Grant NS-27484 to M. Flanders. K. C. Nishikawa’s sabbatical was
; ; o ; ported by National Science Foundation Grant IBN-9809942.
Historically, the phenomenon of speed-invariant hand patﬁég\ddress for reprint requests: M. Flanders, 6-255 Millard Hall, Physiology

was taken as evidence for kinematic planning. If movement i3 i " niversity of Minnesota, Minneapolis, MN 55455.

planned and controlled as a series of static postures (Bizzi et al.

1992; Feldman 1966), time can simply be scaled to achieveReceived 3 December 1998; accepted in final form 4 February 1999.

range of speeds. More recent work, however, suggests that force

generation is also an important consideration in movement plan-

ning (Gomi and Kawato 1996) and may be subject to optim8FFERENCES

control algorithms (Alexander 1997; Soechting and Flandessexanoer, R. M. A minimum energy cost hypothesis for human arm trajec-

1998; Soechting et al. 1995; Uno et al. 1989; Yamaguchi et altories.Biol. Cybern.76: 97-105, 1997.

1995). However, we show here (Fig. 1) that, if the optimizatioﬁTKEStF)N’IC- G. AND HOLLtEs?BﬁCH' J. Mé ggi?agggatllggg of unrestrained

T H H . ” H vertical arm movements.. Neuroscl.o: - , .

ﬁ:\glg::;r;]n;ellss %[)Srt)Il(iget(;stgeN;?(:':df((g)rr(;:]_eggp%(:kage’ this Speelgzzu E., HoGAN, N'Z .ML.JSSArIVA-LDI, F. A., AND GI.SZTER", S. Does the nervous

. U . system use equilibrium-point control to guide single and multiple joint
The apparent contradiction of conserved kinematics undef,ovementsBehav. Brain Scil5: 603—613, 1992.

force-based control might be reconciled by hypothesizing tw.oman, A. G. Functional tuning of the nervous system during control of

separate force drives that can be separately scaled (Atkesamovement or maintenance of steady posture. Ill. Mechanographic analysis

and Hollerbach 1985; Flanders and Herrmann 1992; Holler-of the execution by man of the simplest motor tadkisfizikal0: 766—775,

bach and Flash 1982) and d-iffere-ntia"y optimized (Soechtir 12356%5 M. AND HERRMANN, U. Two components of muscle activation:

etal. ].'995) to achieve a fa”?"y of invariant paths and p.OSt”F scaling with the speed of arm movemedt. Neurophysiol 67: 931-943,

at various speeds. One drive would control the antigravity;ggs

torques, and the other would control the dynamic (spee@anoers, M., PeLLecRINI, J. J.,AND GEISLER, S. D. Basic features of phasic

dependent) torques. However, in spite of this possible explaactivation for reaching in vertical planeSxp. Brain Res110: 67—79, 1996.

nation, which drive(s) is (are) optimized and the exact nature @mi, H. N Kawato, M. Equilibrium-point control hypothesis examined by

the optimization criterion (or criteria) have remained unre- ;ngegaﬁsurlng arm stiffness during multijoint movemetience272: 117-120,

SO:Vet?]'. tud ti I trol h L t.HOLLERBACH, J. M. anD FLAasH, T. Dynamic interactions between limb seg-
n this study, an optimal control scheme minimizing ant= o during planar arm movemeBiol. Cybern.44: 67-77, 1982.

gravity torques would predict that subjects should keep tRgeciming J. F., Bineo, C. A., HERRMANN, U., AND FLANDERS, M. Moving
plane of the arm near vertical (0 degrees in Figs. 2 and 3)effortlessly in three-dimensions: does Donders’ law apply to arm move-
regardless of the initial or final hand locations. Instead, subjectsient?J. Neurosci15: 6271-6280, 1995.

held the arm in a way that tended to minimize only the dynam®EcHTING, J. F.AND FLANDERS, M. Sensorimotor representations for pointing
torques, as predicted by the optimization algorithm of S%E)to targets in three-dimensional spaﬂeN_europhysmIGZ. 582-594, 198_9a.

. . . . . ECHTING, J. F.AND FLANDERS, M. Errors in pointing are due to approxima-
eChtmg etal. .(1.995)' AS ShOV_\/n inFig. 1, if th? two d_”VES. WET€ tions in sensorimotor transformatiords Neurophysiol62: 595-608, 1989b.
together optimized (i.e., minimum dynami¢ antigravity Soechring, J. F.AND FLANDERS, M. Movement planning: kinematics, dynam-
torques), the optimal solution would change with speed_ Thigcs, t_)oth or neither? InVi;ion anc_i Action edited by L. Harris and M.
might be disadvantageous from the perspective of kinematiéi:';'lz-G’NfWFYfJ‘; Iiac'ggmgf g“'l‘;]-vz:gsnstv Clhgiirc grfj’iif;lé bointing
planning and control becausg the visual-spatial aspects of ovement in manJ. Neurosci.L: 710-720, 1081,
movements would change with speed (e.g., as movement Bg. | R. R.anp RonLr F. J.Biometry(3rd ed.). New York: Freeman, 1995.
comes faster during learning). From this perspective it seem®, Y., Kawato, M., aNp Suzuki, R. Formation and control of optimal
fortunate that only the dynamic solution appears to be opti-trajectory in human multijoint arm movement. Minimum torque change

mized by the controller. This allows arm movements to eXhiWAT,,ggSIC'?OEC?Tbii;f%_l\,?,l' /3,?[?98'1 1. A computationally efficient

the same spatlal properties over a wide range of speeds. method for solving the redundant problem in biomechardicBiomech?28:
999-1005, 1995.
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