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B SiErE MAISEZ| 2I5t0] ARSEL ot SSA30|8, =82 SHE 2dsP| fI5io 7|2 40| &
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Lazarevic 12|31l Sinanovic, 1998; Xia, Feng 1
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Aetr] sl sl AKLatash et al, 2002;
Scholz®} Schiner, 1999; Scholz et al., 2000). L
T o] AL QT £ Y I AHE vg V)
2 QAEI: &7, &5, 3d7 ) FAY
(el: 9] X, ¥ ) BAE T8t F5%
82 g AelE A7) %] AgHol %
Th(Krishnamoorthy et al, 2003; Li, Latash 18]
il Zatsiorsky, 2003; Scholz®} Latash, 1998;
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oF 2o 2= E a4 F dv} vlAle] vk F
ZHuncontrolled manifold space, UCM space)<-
Fi+tFm=10No|2t= W84S WA a9 &
roF, o] FZF Qb Sol7k=Fist Fmd] e £
e (el: P1(9.0, 1.0)3F P2(79, 21)) Fi+Fm=10No°]
e HAE WA 2 234 Fe Tt
ok Figl Fmo| Z9o] o]# g HiAlo] gA| F3t
o ZAgchd, F &7} FitFm=10N°] 2= 3}
AE AeAor £ Ut old] whalo] H|
Aol thdAl Ftt Auske IS Au F
(orthogonal space)e|2tal  &h=H| ©] FZt
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HlAlo] ThfAl 3312 81 AlLks Fate A
S (Fx 29 F4 5), olAT 42 7]
o 3 Mg 1 A
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= TeAee] 2yt 2 ¢ iy

UM A EGERC], B QIR FAYL #E8A
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718 247t € 5 A v g V|Eeae
584 (kinematic)y 24 g1 F9sHH
(kinetic) 8.4~ BF5 Zg s, 3 Wyt &



135

BT gD =mol g ~N® g &P o Mmoo TR e TP
ATMWmﬂmﬂﬂylﬁﬁOfﬂWiﬂ"m mom_.w iLﬂwﬂLiiLe_eﬁauMmﬂ\MJZﬂmm1ﬂ
DapNewZe¥odg  TH° N oowdriwmaunsmm ity
3 ﬂbfﬂ%ﬁ.:_.ﬁwﬁ 8N o I_coﬁ}L oo =N "
- X —_— e o ey N ) ERE o <7 —~ o N
CHgmAETER NN ESR MY mT om0 Ry Do
T . < ~— N !
TpsrZTaLBLE e N HEIFggliabtgainag
N eTd i a Tz PErT Ny w L E R @ T o T o oo
G T I O i M = R - S S B O Y X o
n,.uﬁﬂwiﬂiéﬂ._mﬂo_u%mlﬁﬂ_x U= mm_ﬂozoMﬂ_.ﬂLaa =
T H—dNTNTop g NEHIT T S ROE o ® opo Mooy oo TR
N o - T o o 5 nW T ET R T o o R
Tt d =z By 2" g e s~ w™ on® il L
Tl e E g g LAl shelersd L MFT 7L RT
MMn_rmﬂLtﬂu‘mﬂume_weronl&l_oW o= HE‘WWF]‘ale]EeEeEL 90
— pa— 3 = N 3 —_—
AR FT PN R RS A o Mg Ep ANy w g T
P pE T lEg BB ET LORT LR S Er ey e T
J 0 —_ T LGP J ot =
IEACER S  BAEE S GE  A Y s
= = I W g mN o e I R F Ny S x I+ =
TH A N MW o T g s Mo E L S
P ERE F TR o R R S PR e
PABET N MR T BB T m A Yoo Mo T m oo M R o
T Mg lm peT el BT T Tl soned
_6Lo_eo_‘mz°1r,_]ﬁ.t,|1u_|¢|1_,ml jaSs N9 o ﬂwwﬂm oy ) it
GG < i~ o o 7ﬂno 7‘._m},h O_Lﬁfiﬁﬂ_mo‘l‘ul,m hE._;oL,l 14r
5 R o N om B gy — N g iy o| nm o oy Ty g Ko
&Iﬂ%@o?WﬂmeMqAML%]EQM&/FLM&L:WJﬂo_ewqa,_meq&lw}ﬂ
=2 O 5= T o 5 = AR © B P = ® °
g X He o W R ORom oy — = T B w T B NV S ey
?ﬂn_Lomﬂaﬁ,@ﬂwfﬁi@mﬂﬂﬁmj?%%ﬁ&%ﬁ%momg
Lemﬂﬂootﬂ._%oﬂldWAnEL_LELoﬁ_z/o N <A ]ﬂloq_iuflnmaﬂ
BN BT W Ly B DR T W e o5 T oW
K —_ ) —_
ﬁnﬁﬂwﬂwoﬂpﬁlﬂﬂlle,o']_ﬁllﬂrptwmﬂmwmb,mlﬁoﬂuﬂOAT‘WmﬂﬂLﬁo"mﬂL,ol7
O o B R oy ) o o B o o ) — o T = W g o xo
ﬁ% s geuﬁ aﬁ_iﬂ_d@\m%iomnﬁﬁﬂ%wo 32 mn_%
R e I T S - T O R STl
el Tpgial ars  FLigeellepT ie® D
R T g d W Py TSN T T SRR = R
uomo%ﬂm_@%w_m%ﬂu%?%%ﬂ@ﬂﬂﬂo_LwﬁWz_E\m,wm\gm
o W ‘.m_lz 1__/|o_e;oz‘lﬂ dqﬂlﬂﬁdhﬂu W\m_oﬁ T
ﬂm_.dlnmo%ii_ﬁvﬁ&m%ﬂﬁﬂ%m_‘%oo_,_%ﬁﬂﬂaqzo]oﬂq@ﬂ%mmMn_mmeodl
?ﬂ%@ﬂ%ﬂ%w1Mmi__o%aﬁu';uurﬂ%mﬂ%%ﬂﬁ%% .miﬂ&
WE gt AP P eT g W w E o0 PT o EwT R H
T T WA T RRRTRPEWANRNDT RHERE B GET O

5, 2000), A1%17](Freitas, Scholz, ~12]1 Latash,

A= ook
odman, Latash 12|11 Zatsiorsky, 2004; Li et
al, 2003; Zatsiorsky, Li 12]il Latash, 1998,

(independency)©]

(



136 FEY A $ELLY FEAG] B AT wA] YA EHS FHoz

Schoner, 2001), Z7](Black, Smith, Wu, 1831
Ulrich, 2007) 52 Al S249] 7HAdS A+
37] 98t 1 AE W7F uiEe FAolt

FE3

A
:

Arimoto, S., Tahara, K., Bae, ]. H., & Yoshida, M.
(2003). A stability theory of a manifold:
concurrent realization of grasp and
orientation control of an object by a pair
of robot fingers. Robotica, 21, 163-178.

Bernstein, N. A. (1935). The problem of interrelation
between coordination and localization (in
Russian). Archives of Biological Science, 38, 1-35.

Bernstein, N. A. (1967). The co-ordination and requlation
of movements. Oxford: Pergamon Press.

Black, D. P, Smith, B. A, Wy, J,, & Ulrich, B. D (2007).
Uncontrolled menifold analysis of segmental
angle variability during walking: preadolescents
with and without Down syndrome. Experinental
Brain Researdh, 183(4), 511-521.

Cheng, F. T., & Orin, D. E. (1991). Optimal Force
Distribution in Multiple-Chain Robotic
Systems. leee Transactions on Systems
Man and Cybernetics, 21(1), 13-24.

Cutkosky, M. R, & Howe, R. D. (1990). Dextrous
Robot Hands. New York: Springer Verlag.

Caaplick, A, Silva, M, Anrbrosio, ], Jesus, O, & Abrantes,
J. (2000. Estimation of the nusce force
distribution in bellistic motion based on a
nultibody methodology.  Computer Methods in
Bionedmics and Bionedical Engireering, X(1), 45-54.

Danion, F., Schoner, G, Latash, M. L, Li, S,

Scholz, J. P., & Zatsiorsky, V. M. (2003).
A mode hypothesis for finger interaction
during  multi-finger
tasks. Biological Cybernetics, 88(2), 91-98.
Freitas, S. M., Duarte, M., &Latash, M. L. (2006).

Two kinematic synergies in voluntary

force-production

whole-body movements during standing,
Journal of Neurophysiology, 95(2), 636-645.

Freitas, S. M,, Sholz, J. P, & Latash, M. L. (2010).
Analyses of joint variance related to
voluntary whole-body movements performed
in standing. Journal of Neuroscience Methods,
188(1), 89-%.

Gelfand, . M, & latash, M. L (199). On the
problem of adequate language in movement
science. Motor Control, 2, 306-313.

Gelfand, I. M, & Tsetlin, M. (1966). On mathematical
modeling of the mechanisms of the central
nervous system In . M Gelfand, V. S
Gurfinkel, S. V. Fomin & M. L. Tsetlin (Eds.),
Models of the structural-functional organization
of certain biological systems(pp. 9-26). Moscow
(a translation is available in 1971 edition by
MIT Press: Cambridge, MA): Nauka.

Gielen, C. C. A’ M, van Zuylen, E. J., & Denier van
der Gon J. J.(1988). Coordination of arm
muscles in simple motor tasks. In G. de
Groot, A. P. Hollander, P. A. Huying & G.
J. van Ingen Schenau (Eds.), Infernational
Series on Biomechanics (Vol. 7A,pp. 155-166).
Amsterdam: Free University Press.

Goodman, S. R, & Gottlieb, G. L. (199).
Analysis of kinematic invariances of

multijoint reaching movement. Biological



=4 =

Cybernetics, 73(4), 311-322.

Goodman, S. R, Latash, M. L, & Zatsiorsky, V. M.
(2004). Indices of nonlinearity in finger
force interaction. Biological ~Cybernetics
90(4), 264-271.

Haddad, ]J. M., van Emmerik, R. E., Whittlesey,
S. N,, & Hamill, J. (2006). Adaptations
in interlimb and intralimb coordination
to asymmetrical loading in human
walking. Gait and Posture, 23(4), 429-434.

Harris, C M, & Wolpert, D. M. (199).
Signal-dependent noise determines motor
planning. Nature, 394(6695), 780-784.

Hogan, N. (1985). The mechanics of multijoint
posture and movement control. Biological
Cybernetics, 52(5), 315-331.

Hughes, G, & Watkins, ]. (2008). Lower limb
coordination and stiffness during landing
from volleyball block jumps. Research in
Sports Medicine, 16(2), 138-154.

Johansson, R S, Westling G, Backstrom, A, &
Hanagan, J. R (2001). Eye-hand coordination
in object manipulation. Journal of Neuroscience,
21(17), 69176932

Jongen, H. A., Denier van der Gon, J. J., & Gielen,
C. C (1989). Activation of human arm
muscles during flexion/extension and
supination/pronation tasks: a theory on
muscle coordination. Biological Cybernetics,
61(1), 1-9.

Kelso, J. A. (1984). Phase transitions and critical
behavior in human bimanual coordination.
American Journal of Physiology, 246(6 Pt 2),
R1000-1004.

A A - R - AR 137

Kobayashi, H. (1985). Control and geometric
considerations for an articulated robot
hand. International Journal of Robotics
Research, 4(1), 3-12.

Krishnamoorthy, V., Latash, M L, Scholz, J. P&
Zatsiorsky, V. M. (2003). Muscle synergies
during shifts of the center of pressure by
standing persons. Experimental Brain Research,
152(3), 281-292.

Latash, M. (2000). There is no motor redundancy
in human movements. There is motor
abundance. Motor Control, 4(3), 259-260.

Latash, M. L., Danion, F., Scholz, J. F., & Schoner,
G. (2003). Coordination of multi-element
motor systems based on motor abundance.
In M L Latash & M F. Levin (Eds.),
Progress in Motor Control vol. 3: Effects of
Age, Disorder, and Rehabilitation  (pp.
97-124). Urbana, IL: Human Kinetics.

Latash, M. L, Gorniak, S, & Zatsiorsky, V. M.
(2008). Hierarchies of Synergies in Human
Movements. Kinesiology, 40(1), 29-38.

Latash, M. L., Scholz, J. F., Danion, F., &
Schoner, G. (2002). Finger coordination
during discrete and oscillatory force
production tasks. Experimental Brain
Research, 146(4), 419-432.

Latash, M. L., Scholz, J. P., & Schéner, G. (2007).
Toward a new theory of motor
synergies. Motor Control, 11(3), 276-308.

Latash, M. L., & Zatsiorsky, V. M. (2009).
Multi-finger prehension: control of a
redundant mechanical system. Advances

in  Experimental Medicine and Biology,



138 FEY A $ELLY FEAG] B AT wA] YA EHS FHoz

629, 597-618.

Lee, W. A. (1984). Neuromotor synergies as a
basis for coordinated intentional action.
Journal of Motor Behavior, 16(2), 135-170.

Li, S, Latash, M. L, & Zatsiorsky, V. M. (2003).
Finger interaction during multi-finger
tasks involving finger addition and
removal. Experimental Brain Research,
150(2), 230-236.

Li, Z. M, Latash, M. L, & Zatsiorsky, V. M. (1998).
Force sharing among fingers as a model
of the redundancy problem. Experimental
Brain Research, 119(3), 276-286.

Neilson, P. D., & Neilson, M. D. (2005). Motor
maps and synergies. Human Movement
Science, 24(5-6), 774-797.

Pollard, C. D., Heiderscheit, B. C,, van Emmerik, R.
E, & Hamill, J. (2005). Gender differences
in lower extremity coupling variability
during an unanticipated cutting maneuver.
Journal of Applied Biomechics, 21(2), 143-152.

Potkonjak, V., Popovic, M, Lazarevic M, &
Sinanovic, J. (1998). Redundancy problem in
writing: from human to anthropomorphic
robot arm IEEE Transctions on Systerms,
Man, and Cybernetics—Part B: Cybernetics,
28(6), 790-805.

Schoner, G, (1995). Recent developments and
problems in human movement science and
their conceptual implications. Ecological
Psychology, 7(4), 291-314.

Schmidt, R C, Shaw, B. K, & Turvey, M. T. (1993).
Coupling dynamics in interlimb coordination.
Journal of Experimental Psychology: Human

Perception and Performance, 19(2), 397-415.

Scholz, J. P., & Latash, M. L. (1998). A study of
a bimanual synergy associated with
holding an object. Human Movement
Science, 17, 753-779.

Scholz, J. P, & Schoner, G. (1999). The uncontrolled
manifold concept: identifying  control
variables for a functional task. Experimental
Brain Research, 126(3), 289-306.

Scholz, J. P., Reisman, D., & Schoner, G. (2001).
Effects of varying task constraints on
solutions to joint coordination in a
sit-to-stand  task. Experimental  Brain
Research, 141(4), 485-500.

Sdolz, J. P, Shirer, G, & latash, M L (2000).
Identifying the control structure of mudtijoint
coordination during pistol shooting, Experinertal
Brain Researdh, 135(3), 382-404.

Shim, J. K, Huang, J., Hooke, AW, Latash, M. L, &
Zatsiorsky, V. M. (2007). Multi-digit
maximum voluntary torque productions on
a circular object. Ergonomic, 50(5), 600-675.

Shim, J. K, Latash, M. L, & Zatsiorsky, V. M. (2005).
Prehension synergies: Trial-to-trial variability
and principle of superposition during static
prehension in three dimensions. Journal of
Neuraphysiology, 93(6), 3649-3658.

Shim, J. K, & Park, J. (2007). Prehension
synergies: principle of superposition
and hierarchical organization in circular
object prehension. Experimental Brain
Research, 180, 541-556.

Sporns, O, & Edelman, G. M. (1993). Solving
Bernstein’s problem: a proposal for the



=4 =

development of coordinated movement by
selection. Child Development, 64(4), 960-981.

Swinnen, S., Walter, C. B., & Shapiro, D. C. (1989).
The coordination of limb movements
with different kinematic patterns. Brain
and Cognition, 8(3), 326-347.

Ting, L. H, & Macpherson, J. M. (2005). A
limited set of muscle synergies for force
control during a postural task. Journal
of Neurophysiology, 93(1), 609-613.

Turvey, M. T. (1977). Preliminaries to a theory of
action with reference to vision. Hillasdale,
NJ: Erlbaum.

Visser, B., de Looze, M. P., Veeger, D. H., Douwes,
M, Groenesteijn, L, de Korte, E, et al
(2003). The effects of precision demands
during a low intensity pinching task on
muscle activation and load sharing of the
fingers. Journal of Electromyography and
Kinesiology, 13(2), 149-157.

A A - R - AR 139

Wallenstein, G. V., Nash, A ], & Kelso, J. A (19%).
Frequency and phase characteristics of slow
cortical  potentials  preceding  bimanual
coordination. Hectroencephalography and Clinical
Neurophysiology, 94(1), 50-59.

Xia, Y. S, Feng, G,, & Wang, ]. (2005). A primal-dual

online  resolving
constrained kinematic redundancy in robot
motion  control.
Systems, Man, and Cybernetics - Part B:
Cybernetics, 35(1), 54-64.

Zatsiorsky, V. M,, Li, Z. M., & Latash, M. L.
(1998). Coordinated force production in

neural network for

IEEE  Transactions on

multi-finger tasks: finger interaction
and neural network modeling. Biological
Cybernetics, 79(2), 139-150.

Zatsiorsky, V. M,, Li, Z. M., & Latash, M. L.
(2000). Enslaving effects in multi-finger
force production. Experimental Brain
Research, 131(2), 187-195.



140 59 AT 5L FEHAE B AT HiA] YA BHE AR

ABSTRACT

Motor Variability and Synergy Research
through Uncontrolled Manifold Analysis

Shim, Jae-Kun(University of Maryland) - Park, Jae-Bum(Pennsylvania State Uinersity)

- Kim, Min-Joo - Kim, Seon-Jin(Seoul National University)

The aims of this study were to introduce uncontrolled manifold (UCM) hypothesis and to apply for this
hypothesis to simple human multi-finger tasks. The main questions in contemporary motor control theories
have concerned what is actually being controlled within the human movement system and how the various
actions of the units are coordinated to perform a motor-task successfully. The notion of "synergy" has been
introduced to answer the questions. According to the synergy, the human controller coordinates several
elemental variables in such a way that elemental variables work together in order to achieve a common goal.
If the given task is to produce steady-state levels of total forces as accurately as possible by pressing with
either two fingers or three fingers, many different combinations of finger forces are equally able to satisfy the
task because the number of elemental variables (two or three finger forces) which involved in a particular task
is greater than the number of constraints to be satisfied (sum of finger forces). This issue has been termed as
motor redundancy problem. Analysis within the UCM hypothesis allowed quantifying co-variation of actions of
elemental variables (e.g., end-effector forces, joint positions, etc) across repetitive trials decomposing variances
into two components: 1) variance which does not affect the performance variable (Vucy, good variance) and 2)
variance that affects the combined actions which is related to the performance error (Vorr, bad variance).
Further, presence of synergy and its strength were quantified by the relative amounts of Vucw and Vorr with
respect to the total variance (greater index = better coordination). The UCM analysis assumes that the relations
between changes in elemental variables and a performance variable are linear (i.e., linear approximation). Thus,

if the relations are non-linear, a different computational approach is necessary.

Key words : motor redundancy, synergy, uncontrolled manifold analysis, coordination
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