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Abstract We studied the kinematic characteristics @fet motion revealed that the subjects achieved intercep-

arm movements and their relation to a stimulus movitign mainly by producing a series of submovements that

with a wide range of velocity and acceleration. The tarould keep the displacement of the hand proportional to

get traveled at constant acceleration, constant deceltha-first-order estimate of target position at the end of

tion, or constant velocity for 0.5-2.0 s, until it arrived a&ach submovement along the axis of hand movement. Fi-

a location where it was required to be intercepted. Fally, we did not find any evidence that information re-

fast moving targets, subjects produced single movemegasding target acceleration is properly utilized in the pro-

with symmetrical, bell-shaped velocity profiles. In corduction of submovements.

trast, for slowly moving targets, hand velocity profiles

displayed multiple peaks, which suggests a contKéy words Reaching - Minimum jerk -

mechanism that produces a series of discrete submahaget acceleration - Hum:in

ments according to characteristics of target motion. To

analyze how temporal and spatial aspects of these sub-

movements are influenced by target motion, we decolmtroduction

posed the vertical hand velocity profiles into bell-shaped

velocity pulses according to the minimum-jerk modeWhen we reach toward stationary objects without strict

The number of submovements was roughly proportiorcainstraints on accuracy, arm movements of different am-

to the movement time, resulting in a relatively constaplitude and duration display an invariant bell-shaped ve-

submovement frequency (~2.5 Hz). On the other hamakity profile with an appropriate spatial and temporal

the submovement onset asynchrony showed significargtfaling (Soechting and Lacquaniti 1981; Hollerbach and

more variability than the intersubmovement interval, ifdash 1982; Atkeson and Hollerbach 1985; Flash and

dicating that the submovement onset was delayed mbi@gan 1985). On the other hand, when the location of

following a submovement with a longer duration. Exantire target changes suddenly during the movement, hu-

nation of submovement amplitude and its relation to taman subjects and monkeys can make corrective move-
ments with a delay corresponding to visual reaction

D. Lee - N.L. Port - A.P. Georgopoulds]) times, which suggests that they are capable of modifying
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sion have been proposed (Howarth et al. 1971; Schmidition time on response times and different types of er-
et al. 1979; Kvalseth 1980; Meyer et al. 1982), the traders are described in the preceding paper (Port et al.
off between the durations and the spatial precision X8§97). We proposed that movement initiation is deter-
movement has been observed under a variety of comdined according to either of two alternative strategies,
tions (Kerr 1973; Flowers 1976; Langolf et al. 1976amely, reactive and predictive. According to the reac-
Wade et al. 1978). Several models have been proposes strategy, the response time is composed of two com-
that attribute such speed-accuracy trade-offs to the tipmnents; a time for the target to travel a threshold dis-
needed for programming and execution of the correctiaace and a constant processing time (Collewijn 1972;
movements or submovements. In the deterministic itevan Donkelaar et al. 1992). In contrast, according to the
tive-corrections model (Crossman and Goodeve 19@Bedictive strategy (or strategy; see Lee 1976; Lee and
Keele 1968), an overall movement is composed of sireddish 1981), the movement is initiated when the first-
cessive submovements, and each submovement travalsdar estimate of the time to target arrivalf oreaches a
constant fraction of the remaining distance between tertain threshold. We showed that relatively high initial
end-point of the previous submovement and the targatget velocity makes the predictive strategy unrealistic,
Since the movement is terminated when a submovemtinits forcing subjects to adopt the reactive strategy, and
ends within the width of the target, this model accourttsat only some subjects used the predictive strategy for
for the increase in movement time for smaller targetdowly moving targets (Port et al. 1997).
More recently, Meyer et al. (1988) proposed an alterna-In the present paper, we investigated how the move-
tive model that accounts for the variability in the duraments are adjusteith flight for successful interception.
tion of the initial (or primary) submovement and the subxcept for the shortest target motion time (0.5 s), the ve-
movement end-point. In their stochastic optimized-sulocity profiles of arm movements displayed multiple
movement model (Meyer et al. 1988), an overall moveeaks, indicating the presence of multiple submove-
ment consists of primary and secondary submovememsgnts. Control of these submovements should be guided
the end-points of which follow a normal distribution behy information regarding target motion for successful in-
cause of a “neuromotor noise.” This model also preditesception. We examined several alternative mechanisms
a relationship between movement time and the tarf@t such control, and the results were consistent with the
size that is qualitatively similar to Fitts’s law. hypothesis that the end-point of each submovement is
Although these models were successful in describiligearly related to the target location estimated from the
some aspects of the movement such as movement dposition and velocity of the target at the submovement
tion, they did not deal with the movement kinematics dinset.
rectly. A bell-shaped velocity profile and its relative in-
variance with respect to temporal and spatial scaling has
been explained by a model that postulates that a mditaterials and methods
objective of motor coordination is to minimize the rate of
change of acceleration, or jerk (Hogan 1984; Flash dptperimental paradigms
Hogan 1985). By superposing appropriately scaled s lﬂ
movements specified by this minimum-jerk model, '_:Iaéata collection are described in the preceding paper (Port et al.
and Henis (1991) modeled accurately the modification 1897). Briefly, the subject started a given trial by capturing a disk
hand trajectory due to a sudden change in target locati®® cm radius) presented at the bottom of a computer screen

They proposed that superposition of two submoveme@i@d the midline with a two-dimensional (2D) articulated manip-
! . . - ._~ulandum. After an unpredictable delay (1-3 s), a target (0.6 cm ra-
occurs without aborting or modifying the original trajeGgjys) appeared at either the left or right lower comer of the screen

tory of the first movement. The notion that complex trand began to travel along a 45° trajectory toward an interception
jectories are composed of overlapping submovememgse directly above the start zone. In a given trial, the target mo-

with invariant kinematic properties was applied in othdéen time (i.e., time between the target onset and its arrival at the
nter of the interception zone) was randomly varied in 0.3-s steps

types of movements’ including handvyrltln_g (Moras_%m 0.5 to 2.0 s. In addition, three target acceleration types were
and Mussa-Ivaldi 1982) and reaching with high precisi@Bed; in a given trial, constant acceleration, constant deceleration,

(Milner 1992). In addition, superposition of submovesr constant velocity was randomly selected. In each block, trials
ments were consistent with the data whether superp@sice repeated until the subject achieved an interception with a
mporal error less than 100 ms in each combination of target mo-

tion was applied at the hand level or joint level, but tr%n time and acceleration type, and each of six subjects performed

jectories obtained from the torque level superpositigth piocks. In the present study, we analyzed only these successful
showed substantial deviation from the observed trajeciials.

ries (Flash and Henis 1991).

We studied human arm movements directed to int neral
cept a moving target at a fixed location (Port et al. 1997):
The time that it took for the target to arrive at its locaticlandard statistical methods (repeated-measures ANOVAt-and
(target motion time) was randomly varied for each triagst) were used to analyze the data. The Nelder-Meade simplex
in 0.3-s steps between 0.5 and 2.0 s. In addition, tarﬁ@c“ method ‘implemented in Matlab (Mathworks, Natick,
moved at constant acceleration, constant deceleration ar>) Was used for nonlinear curve fittings.
constant velocity. The effects of target acceleration and

“the details of the experimental paradigms and the method of
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Fig. 1 Examples of hand velocity profiles during interceptive arm(t; t,, A, D) = 30 (/D) [{(t—to)/D}2 - 2 {(t-t,)/D}3

movements in two subjects. Only three of six target motion times +{(tt))/D}4], 0<t<D (1)
(TMT) are shown here (TMT=0.5, 1.4, 2.0 $pp Constant accel- 0 o

eration conditionyniddle constant deceleration conditiobpttom wheret, is movement onsef) is movement amplitude, arld is
constant velocity condition. In each condition, velocity profilemiovement duration. We assumed that the velocity profiles of the in-
from ten successful trials are superimposed. Notice that the velderceptive arm movementg)(are linear superpositions of minimum-

ty profiles are more or less uniform in conditions whergrk velocity pulses with appropriate temporal and spatial scaling,
TMT=0.5 s, regardless of target acceleration; whereas, in those

with longer TMT, velocity profiles are more variable and usually ) = imv](t' f, A, DX) @)
display multiple peal s PSR

whereNg,,, is the number of submovements. We used a modified
Powell's quadratically convergent method (Acton 1970) to find the
three parameters (onset, amplitude, and duration) for each sub-
movement that provide the best fit to the actual velocity profiles.

Only the vertical component of arm movement was analyzed jgWell's (direction set) method is an algorithm to minimize a

the present study, because the task required a vertical arm maction of multiple variables in which the objective function is

ment with a certain amplitude, and also because the actual traZ@E‘-'dmiﬁedl suctcessively a}{on.g a seé ct)r]; cortl)jpg?te c;irec:ionst. V\kl)e
tory was almost parallel to theaxis. The goal of the following YS€U the least-square criterion, and the objective function 1o be

procedure was to decompose the velocity profile of the hand ifglimized was,

the smallest number of submovements possible, using the velocity L 2

profile derived from the minimum-jerk model. Kinematics of sinO = _ZI[V(E) - V(1)] 3)

gle arm movements have been successfully described by the mini-'~

mum-jerk model (Hogan 1984). This model assumes that moweierelL is the number of data points collected every 10 ms be-
ments of given amplitude and duration are generated in a way thaten target onset and 300 ms after the target's arrival at destina-
minimizes the rate of change in acceleration (jerk). According tion, v(t) is the actual vertical hand velocity profiles, anft) is

this model, hand velocity®) is given by the following, the sum of the minimum-jerk velocity pulses (Eq. 2).

Decomposition of hand velocity profiles into minimum-jerk
submovements
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To avoid getting trapped in a local minimum during minimizaFig. 2 Examples of decomposition of hand velocity profiles into
tion of the objective function, it is important to start the searchinimum-jerk submovements. A single trial is randomly selected
process with initial parameters close to the solution. Therefore,fall illustration from each of the conditions shown in Fig. 1. The
the parameters of individual submovements were adjusted by hdots represent the original vertical hand velocity, obtained by
to provide a reasonable fit to the data before the search algorigmoothing and differentiating the vertical hand positiinn lines
was initiated. This was done using a computer program that disd thick linesrepresent individual submovements given by the
played the minimum-jerk velocity pulses and their sum superiminimum-jerk model and their linear sum (superpositidrick
posed on the actual velocity profile for each trial, and allowed thees are most clearly visible in 0.5-s TMT and difficult to see in
user to adjust the parameters interactively. For initial parametéhg other conditions, because they are too close to the origin-d data
only submovements with positive amplitude (upward moving)
were included To find the smallest number of minimum-jerk sub-
movements that can fit the data accurately, a single Smeove”ﬁélsLults

was used initially, and the number of submovemets i Eq. 2)
Effects of target motion on movement kinematics

were gradually increased uni? between the model and the dat
reached 0.99.
Examples of vertical hand velocity profiles from two sub-
jects are shown for three different target motion times in
Fig. 1. In the conditions with the shortest target motion
time (0.5 s, leftmost columns for each subject), the veloc-
1 We included only positive submovements for initial parameteity profiles were bell-shaped and more or less symmetri-
although in some cases it was possible to achieve an equally goatiregardless of different target accelerations. In contrast,
fit by replacing two successive positive submovements wnhtﬁf onger target motion times, velocity profiles frequent-

I
large positive and a concurrent small negative submovement. : : :
latter was unrealistic, because it often included positive submo _edlsplayed multiple peaks, suggesting the presence of

ments with amplitude larger than the total amplitude required 'TﬂUl'Fiple.SmeOVememS-_ In ad_dition, for longer target
the task motion times, hand velocity profiles were affected by tar-
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Subject 2Ngr, Nsm Amplitude (cm) Duration (s) Frequency (Hz) ISMI (s)
Mean SD Mean SD Mean SD Mean SD Mean SD
1 335 1.86 (0.75) 6.98 (4.43) 0.583 (0.268) 2.76 (0.68) -0.288 (0.137)
2 456 2.10 (1.16) 5.14 (3.78) 0.574 (0.217) 250 (0.61) -0.287 (0.219)
3 378 2.53 (1.04) 6.13 (4.44) 0.564 (0.196) 247 (0.61) -0.259 (0.125)
4 531 2.95 (1.40) 439 (3.55) 0.571 (0.210) 245 (0.55) -0.248 (0.205)
5 599 3.33 (1.57) 391 (3.17) 0.530 (0.200) 239 (0.55) -0.237 (0.130)
6 563 3.13 (1.47) 4.15 (3.40) 0.558 (0.186) 2.34 (0.50) -0.227 (0.158)
Total 2862 2.65 (1.37) 490 (3.87) 0.561 (0.205) 2.49 (0.60) -0.252 (0.168)
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Fig. 3 Frequency histogram for the submovement duration for ifiable 2 Subjects that showed significant effects of target charac-
dividual subject= teristics on submovementINIT target motion time TAT target

acceleration type:)

. . . Nsm Amplitude Duration Frequency ISMI
get acceleration. This tendency was more apparent_in
some subjects than in others. For example, in subjectnpr 2,456 2,456 2,56 - 1,2,5
(Fig. 1, right), the pattern of velocity profiles indicate th&aiAT - - 6 6 4,5
the subject might have tried to intercept the target BYTXTAT - S - - -

matching the vertical position or velocity of the hand Witﬁepeated-measures ANOVR<0.05

that of the target throughout most of the trial. Therefore,

the peak velocity was reached earlier in the constant de-

celeration conditions (Fig. 1, middle row) than in the coDecomposition of velocity profiles into submovements
stant acceleration conditions (Fig. 1, top row). Although

this association of target acceleration type and hand Ve-examine how multiple submovements are influenced
locity profiles was not so obvious in some subjects, halogl target motion, we decomposed the hand velocity pro-
velocity profiles were affected by changes in the tardgées into the symmetrical bell-shaped submovements de-
velocity in all subjects in a similar manner. termined by the minimum-jerk model (see Materials and
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Fig. 4 Mean number of submovements per trial as a function fdwer submovements produced submovements with larg-
target accelerat_lon_ type and target acceleration for individual 5@?'amp|itude. On the other hand, submovement duration
jects.Error barsindicate +SEM K=10) was relatively constant in all subjects and the differences
were not statistically significant (repeated-measures AN-
.. OVA; Table 1, Fig. 3).

methods). Some examples of such decomposition arerpe effects of target motion time and target accelera-
shown in Fig. 2. In general, the hand velocity profilgg), type on the number of submovements per trial, and
could be fit by a relatively small number of submoveypmovement amplitude, duration, and frequency (num-
ments. The mean number of submovements per trial Wa$ of submovements divided by the total movement

2.65 (Table 1), collapsed across all subjects, and {fige) were also examined for individual subjects.
maximum number of submovements in a single trial Wafhong these variables, the number of submovements
seven. . er trial was most frequently affected, and the submove-
To examine whether the number of submovemelﬁt,%nt frequency was least frequently affected (Table 2).
was affected by amount of practice, mean number e number of submovements gradually increased with
submovements were calculated separately for |nd|V|dlt|gilget motion time in all subjects (Fig. 4). The mean
blocks. In most subjects, there were no consistent effggtenper of submovements per trial for 0.5-s target mo-
of practice. We quantified the effects of practice withgyn time collapsed across all acceleration types and sub-

linear regression between the number of submovemegi§s was 1.15, and there was a single submovement in
and the block number. Significant effect of block numbggoy of the trials.

was found only in subject 2€0.05), in which the mean
number of submovement increased from 2.1 to 2.9 be-
tween the first and the last blocks. Control of submovement onset

The mean number of submovements per trial varied
significantly across subjects (repeated-measures AN-the preceding paper, we showed that some subjects had
OVA, F-test, P<0.01; Table 1). Since the amplitude ofelatively constant response times regardless of target
the desired movement is fixed, a larger number of subetion time and target acceleration, whereas others dis-
movements should result in a smaller submovement gtayed larger variation in their response times in a man-
plitude. As expected, the mean submovement amplitute consistent with the use of two alternative strategies
also varied significantly across subjects (repeated-mé@ert et al. 1997). Since the nature of the task requires the
sures ANOVA, F-test, P<0.01), and the subjects withtarget motion time to be roughly equal to the sum of the
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Fig. 5 Top Mean movement time for individual subjects as total of 1080 successful trials in all subjects. Moreover,
function of target motion time and target aclgeleration. Movemehle submovement frequency, as defined as the number of
time is defined as the time between when the instantaneous ver - X :

cal hand velocity exceeds 10% of the peak vertical hand velo bmovements d'V'O_'Ed by the, total movement .tlme’ was
and when it returns below 10% of the peak velo@iyclescon- [€latively constant in all subjects, and the differences
stant velocity;triangles constant accelerationectanglesconstant were not statistically significant (repeated-measures AN-
decelerationError barsindicate +SEM R=10). Bottom Relation- QVA Table 1).

hi ween th I movement time and the number of sub- ;
rsnoeetr)neéntesefoi i%c}ic\)/tigual OSLtjabjeect;.t Tk?ese are the mean valueslf the sequence of submovements observed_ dyrlng the
computed for each combination of target motion time and targd€Sent task was controlled by a mechanism similar to an
accelerationError barsindicate +SEM K=10) intermittent servo-controller (e.g., Craik 1947), one

might expect that the interval between the onsets of two

successive submovements, or submovement onset asyn-
response time and the movement time, the subjects witiony (SMOA), would be more or less constant. The re-
relatively constant response times (e.g., subject 5) showalls were not consistent with such constancy of SMOA.
greater variation in their movement times across differéanstead, SMOA varied systematically according to the
target motion times than the other subjects (e.g., subjatation of the preceding submovement (Fig. 6, top).
1), as shown in Fig. 5. The difference in the number Dhese results were consistent with the hypothesis that,
submovements among different subjects may be reladdten several submovements are generated in parallel,
to the difference in the movement times. Specifically, tiiere is a relatively constant overlap between two succes-
submovements were generated at a constant rate in tgives submovements. We defined intersubmovement inter-
the number of submovements would be proportionaltal (ISMI) as the onset of the following submovement
the movement time. Consistent with this hypothesis, thnus the offset of the preceding submovement. As ex-
mean number of submovements in each combinationpetted, the frequency histograms for the ISMI displayed
target motion time and target acceleration was rougllyelatively narrow peak, and the mean ISMI was about
proportional to the mean movement time for the sam@.25 s (Fig. 6, bottom, Table 1). The ISMI was similar
condition (Fig. 5, bottom). The correlation coefficient bén all subjects, although small differences among differ-
tween the number of submovements and the total mogat subjects were statistically significant (repeated-mea-
ment time of the hand was 0.883, when computed for thees ANOVA,P<0.05; Table 1).



428

Submovement Onset Asynchrony (s)

Number of Submovements

1.0

Subject 1 Subject 3 Subject 5
SOA=D-0.288 SOA=D-0.259 SOA=D-0.238
1.5 1.5
1.0 H 1.0
0.5 — 0.5
0.0 0.0
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Submovement Duration (s) Submovement Duration (s) Submovement Duration (s)
1607 Subject 1 160 9 Subject 3 160 7 Subject 5
140 — 140 — 140 —
120 — 120 — 120 —
100 — 100 — 100 —
80 — 80 — 80 —
60 — 60 — 60 —
40 40 - 40
0—p—===- | | 0 | = r 0 T —
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5

Inter-submovement Interval (s)

Inter-submovement Interval (s)

Inter-submovement Interval (s)

Fig. 6 Top Relation between the duration of a submovement ahétween the target velocity and the submovement dura-

the submovement onset asynchro8p#, which is defined as the
time from the onset of the same submovement to the onset of
following submovementSolid line represents a model that as

n (r=—0.23,N=1782,P<0.001), and also between the
t Fget velocity at the onset of a submovement and the

sumes a constant intersubmovement interval (ISMI) for each ssfMOA (r=—0.24, N=1782, P<0.001). However, these
ject. Bottom Frequency histogram for the ISMI, which is definegvere substantially lower than the correlation between the

as the onset of a submovement minus the offset of the precedja®movement duration and the SMOA=@{.64) and,

submovemer:t

therefore, unlikely to be an explanation for the relatively

constant ISMI.

Since both submovement duration and SMOA also
have relatively narrow distributions (Figs. 3, 6), the rela-
tive constancy of the ISMI may be an inevitable outcon@ontrol of submovement amplitude
when these two variables were subtracted from each oth-
er. To evaluate this issue statistically, the submovem@&ot understand how amplitudes of successive submove-
duration and the SMOA were randomly shuffled for theents are determined, the following hypotheses were
trials with multiple submovements. The frequency histoensidered. In comparing these hypotheses, we used the
gram for the ISMI was calculated for the reconstructedmulative submovement amplitude as a dependent vari-
data set, and this procedure was repeated 1000 timeable, as it is more closely related to the desired location
estimate confidence intervals. The results indicated tlo&tthe hand than the amplitude of individual submove-
the narrow distribution of the ISMI observed in the dataents. In the first hypothesis, we considered the possi-
cannot be explained by those of the submovement duiity that the desired hand location is determined by the

tion and the SMOA (Fig. 7).

time to target arrival at the destination. If the hand dis-
One possible mechanism of maintaining a constatacement from the destination and the time to target ar-
ISMI might be related to target velocity, that is, relativeival are linearly coupled so that both become zero at the
ly high target velocity might be a common cause for bathhme time, the subject would perform the task success-
submovements with longer duration and a large SMOMilly. One way to estimate time to target arrival is to use
For trials with more than one submovement, we fouaddistance-to-velocity ratio (target Lee 1976), which
that there was a small but significant negative correlatiprovides a correct estimate for the time to target arrival
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Fig. 7 Top Relation between the duration of a submovement ang; Q2 IF i
its ISMI, collapsed for all subjects. The correlation coefficient basj(IS of the movement/{axis)2 It is assumed here that

tween these two variables was 0.64{782).Bottom Frequency the system estimates future target position from the tar-
histogram for the ISMI, which is defined as the onset of a su@et position and velocity at the time of submovement on-
movement minus the offset of the preceding submovement. Bwt (Fig. 8), as in the-control hypothesis. We refer to
filled squaresand theerror barsindicate the mean and the stanthig possibility as the position-control hypothesis. If one
?nig%Odde\('éaetéot';;tofro:hdeeéﬁge measure, computed by a bootsfaiy s the vertical target position and velocity at the
submovement onset & andVy, respectively, the dura-
tion of submovement aBg, and the cumulative ampli-

under constant velocity conditions. We refer to this pdsde up to the preceding submovement alongyteis
sibility as thet-control hypothesis. If one denotes th@S Pc, then, according to this hypothesis, the amplitude
target position and velocity at the submovement onsetthghe current submovement would t8(DgxVy)—Pcl.
P and V5, respectively, and target position at the destj- One problem with the position-control hypothesis is
nation asP;*, then, acording to the-control hypothesis, that the system has to determine the duration of the sub-
the cumulative submovement amplitude would be line&povement in order to determine its amplitude. To avoid
ly related to the target (Py*—Py)/Vy. this problem, Miall et al. (1988) proposed that the
is determined by the estimated target position at the ¢f€ Position error. We refer to their proposal as the aver-
set of each submovement. According to this hypothegg€-duration hypothesis. Similar to the position-control
the subject’s strategy is to gradually eliminate the posi-— _ _

tion error between the hand and the target with a sefiisthe present analysis, only the vertical components were con-

. : red, because the subjects made vertical movements, but the
of discrete submovements so that the end-point of eé ovement amplitude in higher dimensions can be derived sim-

submovement is linearly related to the estimated positighiy if one uses vector expression for the same variables used in
of the target at the end of each submovement along déheanalysi-
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Table 3 Parameters ani@ in different models for determining submovement ampliitide

Subject 1-Control hypothesis Position-control hypothesis Average-duration hypothesis
a a, a, R2 =N a, a, R2 a a, ag R2
1 -15.62 52.33 12.77 0.3784 3.01-27.44 12.33 0.7526 0.78 295 12.60 0.3360
2 -11.75 42.40 12.65 0.4874 1.28-5.30 12.43 0.7532 0.69 2.63 1281 0.5574
3 -17.12 56.41 1252 0.5091 1.95-14.56 12.36 0.7726 0.86 1.75 12.62 0.4179
4 -13.50 47.84 12.49 0.6629 1.11-3.05 12.59 0.8505 0.86 055 1251 0.7326
5 -10.73 38.58 13.00 0.6589 1.07-3.01 12.68 0.8501 0.92-0.45 12.69 0.7571
6 -9.53 36.45 1299 0.6594 0.84 0.84 12.88 0.8344 0.75 144 1292 0.7124
Subject 1 Subject 3 Subject 5

Cumulative Amplitude (cm)
)
|

X 80
0 o l&
0 5
Estimated . Target Displacement (cm) Estimated Target Displacement (cm) Estimated Target Displacement (cm)
Subject 1 Subject 3 Subject 5

15
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Fig. 9 Top Relationship between cumulative movement ampliarget displacement for individual subjects. Tamgeias

o anfn s e et f el deplcenet a1 85 vansiormed <0 ht L would b normally Gted.
movements in different target acceleration typeecles constant | nen, the following model was fit for each subject.

velocity; triangles constant acceleratiomgctanglesconstant de-
celeration), andolid linerepresents the prediction from the posi

tion-control hypothesisBottom Relationship between cumulative . . . .
movement amplitude and real target displacement at the offsetfere X is either log (target) or estimated target dis-
submovemens placement, andy—a; are the model parameters. Intro-
duction of the third parameteg, corresponding to the
maximum amplitude, was necessary to prevent the model
hypothesis, the amplitude of the current submovemdmm exceeding the amplitude limit in the task. The pa-
would be P+(D,xV;)-Pcl, where D, is the average rameters obtained for each subject and the corresponding
submovement duration in each subject. R2 are summarized in Table 3. These results suggest that
To examine which of these three hypotheses best the position-control hypothesis explains best how the
scribes the data, the cumulative submovement amplitsiddmovement amplitude is determined. The relationship
was plotted as a function of either targatr estimated between cumulative submovement amplitude and esti-

Cumulative amplitude = max [miraf X + a,, ag), 0]
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Table 4 Parameters ani? for the regression in Fig. 9 (bottom) in a systematic manner, but not enough to fully compen-
sate for the effects of target acceleration.

Subject Slope Intercept R

1 2.84 -23.48 0.6500 - -

2 1.57 -7.62 0.7179 Discussion

3 2.08 -14.39 0.6777

4 1.28 -4.02 0.7626 P ; ;

5 139 =79 0.7393 Individual differences in the control strategy
6 1.09 -1.63 0.8231

In performing the task employed in the present study, ev-
ery subject showed some effects of target motion on the
velocity profiles of the arm movement. It is evident both
mated target displacement along with the predictitom the raw velocity profiles and from the relation be-
from the model is shown in Fig. 9. tween the cumulative submovement amplitude and the
The remaining question is how the system determirfast-order estimate of target position that some subjects
submovement duration. One possibility is to use tkded to intercept the target by matching the vertical posi-
mean velocity of a submovement as an intermediate véion of the hand with that of the target. They achieved
able. There was a relatively high positive correlation biiris goal not with a smooth velocity profile that followed
tween the target velocity at the submovement onset dnat of the target, but with a series of discrete submove-
the mean velocity of submovements=({.77, N=2,862, ments. Other subjects who displayed shorter movement
across all subjects). Thus, mean velocity of a submotieaes and a smaller number of submovements showed
ment may be first determined from the target velocitweaker, but similar effects of target motion on their ve-
and the submovement amplitude and duration may lbeity profiles. Although it was not the goal of the pres-
subsequently determined. Another possibility is that that study to examine the effects of practice on the sub-
submovement duration is not precisely controlled in amypovement control (e.g., Pratt and Abrams 1996), it is un-
way related to target motion, but varies randomly. likely that these individual differences in the submove-
ment control are due to different amounts of practice, be-
cause these different patterns of velocity profiles across
Effects of target acceleration on submovement control different subjects (Fig. 1) were maintained consistently
across different repetitions and also because, in all but
If one assumes that the submovement amplitude is detere subject, there were no effects of practice on the
mined according to the position-control hypothesis deean number of submovements.
scribed in the previous section, this provides an interest-In the preceding paper, we showed that some subjects
ing opportunity to examine whether information regardhitiated their movements with relatively constant re-
ing target acceleration is incorporated into this procesponse times (e.g., subject 5). The results from the pres-
If target acceleration were taken fully into account, tlemt paper indicated that these subjects adhered more
submovement amplitude should be explained better diyictly to the strategy of matching their hand position to
the real target position at the submovement offset ththe estimated target position in the dimension where
by the first-order estimate of target position, since theovement is required. In contrast, the subjects who
target acceleration was constant in all conditions. To ekowed more variation in their response times according
amine such a possibility, a variant of the position-contrial target velocity also showed more variability in terms
hypothesis was examined, where the real target positidrihe intermediate association between the hand and the
was used instead of the first-order estimate of target parget. One possibility is that these subjects were not ca-
sition (Fig. 9, bottom). We found that this new model dighble of tracking the target (along the direction of hand
not perform better than the original position-control hynovement) as faithfully as the other subjects, since they
pothesis; in fact, there was a decrease of 0.0RRian had shorter movement times. Since the number of sub-
average (Tables 3, 4). This suggests that informatimovements is probably limited by the movement time
about the target acceleration was not fully utilized in davailable, the reason that these subjects showed less con-
termining the submovement amplitude. sistent coupling between the hand and the target posi-
Similar results were obtained when the correspaivns might be that they didn’t have enough time to gen-
dence between the model and the data for the positierate more submovements. On the other hand, consider-
control hypothesis was examined separately for differéng that the task did not explicitly require the subject to
target accelerations. The errors between the model &adk the target continuously, a more likely possibility is
the data could be due to the fact that the estimationtlwdt these subjects were more careful in terms of estimat-
target position does not reflect target acceleration. Howg target position and target velocity before initiating
ever, these errors were not substantially reduced etlegir movements, and thus acquired more accurate esti-
when they were sorted according to target acceleratiorgtes about the time to target arrival at the destination.
although they were significantly affected by target accllherefore, they would have less need to continuously
eration in all subjectsP0.01). These results indicatarack the target for successful interception. In the present
that submovements were affected by target accelerattuidy, these two alternative possibilities could not be
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tested, because neither the response times nor the mbwa-conditions. These results suggest that subjects failed
ment times were under direct experimental control. o fully compensate for the effects of target acceleration
order to distinguish between these possibilities, ooe their interceptive movements (Port et al. 1997). Simi-
needs to control the movement time and determilae conclusions were reached when the effects of target
whether different subjects still show different degrees afceleration were examined on the submovement ampli-
coupling between the hand and the target. tude in the present study. When target acceleration was
incorporated into the model to calculate real target posi-
tion, it did not improve the fit between the target position
Superposition of submovements and the cumulative submovement amplitude, which sug-
gests that subjects were probably using the first-order es-
Several previous studies have provided support for tirmate of target position in determining their submove-
formation of complex trajectories by linearly superposaent amplitude. Although there was still variability in
ing simple submovements with certain invariant charate submovement amplitude that was not accounted for
teristics (Morasso and Musa-lvaldi 1982; Flash and Hdy the estimated target position, only a part of it was due
is 1991; Milner 1992; Flanagan et al. 1993). The methtml the target acceleration, and the remaining variability
of decomposition of velocity profiles used in the presenwtis probably due to a relatively inaccurate estimation of
study is similar to the one used by Flash and Hemdsget position, imprecise mechanisms for producing a
(1991), who modeled the arm trajectory in the doublesbmovement with the desired amplitude, or both. Al-
step paradigm with superposition of two minimum-jerthough the magnitude of target acceleration employed in
submovements. Most of the velocity profiles observedtime current study is above the perceptual threshold (Sch-
the present study were more complicated than thosemarler 1976; Werkhoven et al. 1992; Babler and Danne-
the double-step paradigm and therefore usually requiradler 1993; Port et al. 1997), the results of the present
more than two submovements. We adopted the migiudy did not provide any evidence that subjects were
mum-jerk model mainly because of its mathematicable to fully compensate for target acceleration in their
simplicity, and the main results of the present studyovements.
would not be affected by the exact mathematical function
to describe individual submovements. For example, Mil-
ner (1992) performed a similar analysis to examine subenstancy of intersubmovement interval
movements found in the arm movements directed dnd its significance
small targets, requiring endpoint precision. The decom-
position applied in that study was based on a prototyfji-one assumes that the generation of a submovement is
cal velocity profile found in each subject, but it was stiflonstrained by the acquisition of adequate information
similar to the velocity profile determined by the miniregarding target motion (i.e., position and velocity), one
mum-jerk model. Flanagan et al. (1993) provided an &euld expect that the interval between the onsets of suc-
ternative model based on the equilibrium-point hypotheessive submovements, or SMOA, be relatively constant.
sis (Feldman 1986), with more emphasis on the bionmidius, it was somewhat surprising to find that the onset of
chanical properties of the motor plant. They demonstratsubmovement had a relatively constant temporal rela-
ed that the central commands for shifting the equilibriutionship with the offset, instead of the onset, of the pre-
points associated with successive submovements maygéding submovement. On average, the onset of a sub-
applied sequentially without overlapping in time. Hownovement preceded the offset of the preceding submove-
ever, in all of these cases, superposition occurs at thenként by 0.25 s. By comparing the distribution of this dif-
nematic level, and the kinematics predicted by the eqigrence, or ISMI, with those produced by randomly per-
librium-point hypothesis were similar to those based amuting the association between the duration and the
the minimum-jerk model (Flanagan et al. 1993). SMOA, we showed that a relatively constant ISMI was
not due to the constraints in the distributions of the sub-
movement duration and the SMOA.
Effects of target acceleration A strong correlation between the duration of a sub-
movement and SMOA (or constant ISMI) does not by it-
In the preceding paper, we showed that there was a sgdf indicate a direct causal relationship between these
tematic bias in the pattern of constant temporal errongp variables; a third factor may influence both of these
i.e., the difference in time of arrival at the destination beariables. One such factor might be target velocity, since
tween the target and the hand. Positive constant tempardligh target velocity may require submovements with
errors indicate that the hand arrived later than the tardatger amplitude and duration, and also make it more dif-
If target acceleration were fully taken into account in dieult to estimate future target location, thus delaying a
termining the timing of interception, temporal errorgreparation for the next submovement. Although there
would be similar in all target acceleration types. In comas a significant correlation between the target velocity
trast, we found that positive constant temporal erraad submovement duration, and also between the target
were dominant in constant acceleration conditions, avelocity and the SMOA, it was substantially weaker than
negative constant temporal errors in constant deceldtee correlation between the submovement duration and
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the SMOA. Thus, target velocity does not seem to be &gorgopoulos AP, Kalaska JF, Massey JT (1981) Spatial trajecto-

tirely responsible for a relatively constant ISMI. Alterna- 'ies and reaction times of aimed movements: effects of prac-
tively, it might be the execution of a longer submove- 2%?’7‘§r5'°%§'nty’ and change in target location. J Neurophysiol
ment itself that makes it more difficult to prepare thgogan N (1984) An organizing principle for a class of voluntary
next submovement. One possibile reason for such directmovements. J Neurosci 4: 2745-2754 _

causality might be related to information regarding tfllerbach JM, Flash T (1982) Dynamic interactions between
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