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Analysis of Variability of Human Reaching Movements Based on the Similarity

Preservation of Trajectories
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(a) Trajectory variability caused by the noise in motion execution;
the second parts of the trajectories are not similar
even if the first parts are similar.

(b) Trajectory variablility caused by uncertainty in motion planning;
the second parts of the trajectories are similar
if the first parts are similar.
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Fig.1 Difference of trajectory similarity depending on
the factor of variability.

goboooooooooooobooooooobood
oooo200000000o0o0ooooooo0o0a
goboooooooooooobooooooobood
goboooooooooooobooooooobood
gboobooobooboobooooooobooon
gboobooobooboobooooooobooon
gboobooobooboobooooooobooon
gboobooobooboobooooooobooon
gboobooobooboobooooooobooon
gobooooooooooooooooooooboa
oooooooood
gooooooooooooooobooooooon
goboooooooooooobooooooobood
gboobooobooboobooooooobooon
gbooobooooboobobooboooobooobooon
goooboooboooobobobbooooooon
00 1(p) 0000000000000 OUOOODO
gbooobooooboooboobooooobooobooon
goboooooooooooobooooooobood
goboooooooooooobooooooobood
ooooooOooUoooo 1(hymoooooooo
goboooooooooooobooooooobood
gboooboooobooobooboooobooobooon
gboooboooobooobooboooobooobooon
gboooboooobooobooboooobooobooon
gbooobooobooobooboooobooobooon

95% concentration ellipse of the
end points of the trajectories:
end points variability

mean trajectory

\43imersecting

the normal line of
the mean trajectory:
intermediate points variability
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Fig.2 The variability of end points (the 95% concen-

tration ellipse of the end points) and inter-
mediate points (the variability of the points
intersecting the normal line of the mean tra-
jectory).
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Fig.3 Procedure to compute trajectories deformed
by noise.
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Table 1 The values of noise parameters kspn, kconsT
and ke that reproduce the variability of the
end points of measured trajectories.

Subject | kspy  kconst  krive
0.018 0.589 0.909
0.162  0.568 1.195
0.061 0.943 1.365
0.069 0.605 1.260
0.042 0.353 1.045
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Fig.4 The 95% concentration ellipses of the end
points of measured trajectories (solid lines)
and simulated trajectories with noise (dashed
lines) that reproduces the variability of the

end points of measured trajectories.
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Fig.5 The standard deviations of the points in-
tersecting the normal line of the mean tra-
jectory of measured trajectories (solid lines)
and simulated trajectories with noise (dashed
lines) that reproduce the variability of the end
points of measured trajectories.
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Table 2 The values of noise parameters kspn, kconsT
and ke that reproduce the variability of the
intermediate points of measured trajectories.

Subject | kspy  kconst  krive
0.292 0.100 0.909
0.586  0.567 1.195
0.608 0.566 1.365
0.547 0.271 1.260
0.307  0.100 1.045
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Fig.6 The 95% concentration ellipses of the end
points of measured trajectories (solid lines)
and simulated trajectories with noise (dashed
lines) that reproduces the variability of the in-

termediate points of measured trajectories.
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Fig.7 The standard deviations of the points inter-

secting the normal line of the mean trajectory
of measured trajectories (solid lines) and sim-
ulated trajectories with noise (dashed lines)
that reproduce the variability of the interme-
diate points of measured trajectories.
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Fig.8 Measured trajectories (upper) and mini-

mum commanded torque change trajectories
(lower). The 95% concentration ellipse of end
points in the latter is the same as that in the
former.
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Fig.9 The standard deviations of the points inter-

secting the normal line of mean trajectory of
measured trajectories (solid lines) and mini-
mum commanded torque change trajectories
between two points (dashed lines) of which
end points follow the distribution of the end
points of measured trajectories.
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Fig. 10 Example of trajectory similarity evaluation.

Black circles represent trajectories in which
the squared difference of torque is small dur-
ing the interval of 110-210ms (upper). The
number of black circles comprising the top
20 ranks during the interval of 270-370 ms
(lower) indicates the measure of trajectory
similarity.

03 D000oO0oooooOoouoooooooooooo
goooooooo ADB
Table 3 Parameters of time intervals A and B in a
procedure to evaluate the similarity preser-
vation of a trajectory.

Subject | A [ms] B [ms]

140-280 350-490
130-260 330-460
110-210 270-370
130-270 340-480
110-210 270-370
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Fig.11 The number of trajectories preserving sim-

ilarity M (not filled: measured trajectory;
light mesh: simulated trajectory with noise
that reproduces the variability of the end
points of measured trajectories; thick mesh:
simulated trajectory with noise that re-
produces the wvariability of intermediated
points of measured trajectories; filled: min-
imum commanded torque change trajectory
of which end points follow the distribution
of the end points of measured trajectories;
errorbar means standard deviation).
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00000 ¢+-000df =1980%: p < 0.050%**: p <
0.0010 n.s.: no significant differencel]

Table 4 The result of t-test for the difference of
the number of trajectories preserving sim-
ilarity between measured trajectories and
other trajectories shown in Fig. 11 (df = 198,
*: p < 0.05; **: p < 0.001; and n.s.: no sig-
nificant difference).
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Fig.12 The joint torque profiles of measured tra-

jectories (upper left), simulated trajecto-
ries with noise that reproduces the vari-
ability of the end points of measured tra-
jectories (upper right), simulated trajecto-
ries with noise that reproduces the variabil-
ity of the intermediate points of measured
trajectories (lower left), and minimum com-
manded torque change trajectories between
two points of which end points follow the
distribution of the end points of measured
trajectories (lower right).
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Fig.13 The number of trajectories preserving sim-

ilarity M (not filled: measured trajectory;
light mesh: simulated trajectory with noise
that reproduces the variability of the end
points of measured trajectories; thick mesh:
simulated trajectory with noise that re-
produces the variability of intermediated
points of measured trajectories; filled: min-
imum commanded torque change trajectory
of which end points follow the distribution
of the end points of measured trajectories;
errorbar means standard deviation).
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