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Recent Tests of the Equilibrium-Point
Hypothesis (A Model)

Anatol G. Feldman, David J. Ostry, Mindy F. Levin,
Paul L. Gribble, and Arnold B. Mitnitski

The A model of the'equilibrium-point hypothesis (Feldman & Levin, 1995) is
an approach to motor control which, like physics, is based on a logical system
coordinating empirical data. The model has gone through an interesting pe-
riod. On one hand, several nontrivial predictions of the model have been suc-
cessfully verified in recent studies. In addition, the explanatory and predictive
capacity of the model has been enhanced by its extension to multimuscle and
multijoint systems. On the other hand, claims have recently appeared suggest-
ing that'the model should be abandoned. The present paper focuses on these
claims and concludes that they are unfounded. Much of the experimental data
that have been used to reject the model are actually consistent with it.

The most complete account of the X model (a version of the equilibrium-
point [EP] hypothesis) has been presented in a recent target article (Feldman &
Levin, 1995) together with numerous commentaries and our response to them.
Based on experimental data, starting from Matthews (1959) and Asatryan and
Feldman (1965), the model represents an approach to understanding how the ner-
vous system controls movement that integrates both physical and physiological
concepts. This process has been continuous since the initial formulation of the
model over 30 years ago (Asatryan & Feldman, 1965). As a result, the current
model offers specific views on several areas: the definition of central commands
or control variables; the principles of sensorimotor integration or the relationship
between central control signals, reflexes, and biomechanical properties of the motor
apparatus in movement production; the origin of electromyographic (EMG) pat-
terns, forces and kinematics; the relationship between posture and movement; the
redundancy problem in multimuscle and multijoint control; the coding of move-
ment direction, speed, and distance; spatial frames of reference for movement
control and kinesthesia; dynamical versus computational approaches to motor con-
trol; and applicability of linear models to movement analysis.

Although significant progress has been made, our ability to explain the neu-
ral control of movement remains limited. Nevertheless, the model has defined the
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minimal requirement for future theorizing in the field in the sense that it outlines a
range of phenomena for which any full model must account. However, has the
time actually come to abandon the A model, as explicitly suggested by Gottlieb
(1998)? We will show that rejections of the model have been flawed. Recent pub-
lications by Gottlieb (1995, 1998), Gomi and Kawato (1996), and Lackner and
Dizio (1994) will be used to illustrate this point. ,

In the following sections we address a number of criticisms of the A model.
The criticisms can be essentially divided into two types. Some authors disagree
with the definition and the organization of control patterns as reflected in the time-
varying form of the equilibrium shift. Others question the ability of the model to
explain the output characteristics of active movements such as EMG, kinematic,
stiffness, and damping patterns. The issues of control patterns and output charac-
teristics, although interrelated, are considered separately in the present paper.

Control Patterns Underlying Movement Production

The Dynamical Nature of the Concepts of Equilibrium State and
Control Variables

Gottlieb (1995) proposed that a major idea of the A model, that motor control is
produced by shifts in the system’s equilibrium state, is only applicable to the main-
tenance of posture or, at best, the production of slow movements. However, many
examples of simulations of fast movements in the A model have been reported
(Feldman, Adamovich, Ostry, & Flanagan, 1990; Feldman & Levin, 1995; Flanagan,
Ostry, & Feldman, 1993; Gribble, Ostry, Sanguineti, & Laboissiére, 1998; St-Onge,
Adamovich, & Feldman, 1997). A brief clarification of the dynamic nature of the
concept of equilibrium state may be helpful.

We will begin by distinguishing between state variables and parameters of a
physical system. In moving systems, state variables are kinematic variables (i.e.,
the current system’s coordinates and their time derivatives) and any other vari-
ables dependent on them. Those quantities of the system that remain constant or
may be changed independently of the state variables are called parameters.

By definition, the equilibrium state is the state of a moving system that may
be achieved by nullifying the velocity of positional change. We refer to this state
as a virtual one since the actual state of the system may never coincide with it, as
for example in an oscillating pendulum. The concept of equilibrium state came to
the A model from physics, in which it is applied to the description of not only the
static but also the dynamic behavior of the system (Glansdorf & Prigogine, 1971).
The applicability to dynamics is justified since the forces generated in the system
are substantially defined by the difference between the actual and the equilibrium
values of state variables. According to the A model, the nervous system has the
capacity to intentionally create such a difference by modifying the equilibrium

state of the neuromuscular system. The forces emerging from this process will
produce movement.

Which factors determine the equilibrium state of 2 system? The answer to
this question is based on the distinction between the state variables and parameters
of the system. According to physical law, the equilibrium state is determined by
the system’s parameters, not by state variables. For many physical systems (a pen-
dulum, a mass-spring device, an electrical generator, etc.), the equilibrium state is
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The X model postulates that active movements, no matter how fast, may b
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ing its equilibrium state. The parameters determining the equilibrium state that ar‘
z;;ils?lly constants in nonli\{ing systems thus become actively controlled variable:
in ther;\g r:l);s(;:?s. These variables are called control variables or central commands
Cont,rol yaﬁables differ from state variables since the latter cannot influence
the system’s e‘qpnlnbrium state. In living systems, an example of a state variable i
EMG activity, since well-documented observations (e.g., Bigland & Lippold 19545
shqw that it depends on kinematic variables (position and velocity). As ,a state
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i(;‘l\vsat_ryan & Feldman, 1965)‘of the capz.icity of the nervous system to maintain
ariant Ya!ues of control variables despite changes in elbow position and muscle
torques elicited by unloading (the “do not intervene” paradigm). Hence the t
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copsid 0 ntary, whereas active changes in the EP elicited by control sig-
e conslderf:d voluntary. Control systems may or may not react to load per-
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turbations. Each load perturbation is a multifaceted phenomenon, and the selec-
tion of an appropriate control strategy to deal with it depends on more than its
mechanical aspects. For example, from a mechanical point of view, velocity-de-
pendent perturbations do not affect the system’s EP. However, even in this case, the
system may actively modify control variables for the sake of, for example, movement
stability. It is important to have this in mind when discussing the effects of Coriolis
force perturbations on arm movements (see Movement Equifinality section).

The model defines control variables that modulate the transition from one
equilibrium state to another or, generally, deal with system stability. Several con-
trol variables were defined in the model, for example, the reciprocal (R), coactivation
(C), and . commands. Of these, only the first is responsible for voluntary changes
in the EP, whereas the transition process and system stability depend on them all.
Changes in the C command, by definition, do not affect the existing EP or its
active shifts elicited by the R command regardless of the external load or the asym-
metries of agonist and antagonist muscle action. Involuntary changes in the EP
elicited by an external force depend on the existing R and C commands (see the
section Muscle Asymmetries in the X Model).

Several conclusions related to this section can be made. The concept of the
‘equilibrium state does not apply only to situations where muscle and external forces
are balanced. Thus, the A model applies to both slow and fast movement. The A
model also tells us that active movement production cannot be explained in terms
of state variables (i.e., variables characterizing the motor output—EMG activity,
muscle forces, torques, stiffness, damping, etc.). Studies showing correlations be-
tween cortical neuronal activity and state variables may be important in describing
motor behavior. Explaining how behavior is controlled, however, requires an ex-
tension of the analysis beyond variables characterizing the system’s motor output.

Monotonic Control Signals May Underlie Point-to-Point Arm
Movements: Functional Significance

A number of empirical findings have been proposed supporting the idea that, in
contrast to what is suggested in the A model, the EP shifts specified by the nervous
system to produce active arm movement have a “complex,” nonmonotonic, time-
varying form (Gomi & Kawato, 1996; Latash & Gottlieb, 1991). In particular,
Gomi and Kawato (1996) analyzed the effects of small perturbations of arm move-
ments from one position to another without corrections. Based on the assumption
of the system’s linearity, they experimentally estimated stiffness and damping of
the limb and used these data to compute shifts in the equilibrium position of the
arm. They concluded that the pattern of the shifts is complex and involves multiple
velocity peaks, in contrast to what the A model suggests.

A simple inspection of Gomi and Kawato's (1996) data reveals a problem in
their method: Their Figure 3 shows shifts in the equilibrium position ending sub-
stantially (about 250 ms) after the end of movement. The result is paradoxical if
one takes into account that, physically, a shift in the equilibrium state of the system
provokes movement and, consequently, the movement can only cease after, not
before the end of, the EP shift.

The paradoxical result of Gomi and Kawato brings into question the validity
of their conclusion that the pattern of shift in the equilibrium position is complex,
with multiple velocity peaks. Simultaneously, this questions the applicability of

o oyt e
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linear methods to the description of motor system behavior (see i
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position of the two processes, the shifts in the joint characteristic may be N-shap eci
even though the EP shift defined by the R command is monotonic. In essence ?his
has been demonstrat.ed by Gribble et al. (1998) by numerical simulation base,d on
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th lAddmonal arguments ‘also reject the hypothesis that EP shifts first lead and
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randpmly selected trials (Feldman, Adamovich, & Levin, 1995). As a cconse uence
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sistent with the alternative hypotheses in which the EP shifts last until the end
(Latash & Gottlieb, 1991) or, paradoxically, continue long after the end of the
actual movement (Gomi & Kawato 1996).

Second, there have been no reports that a forward dynamic model based on
the proposed complex EP shifts and simplified linear characteristics of force pro-
duction may reproduce the empirical kinematic patterns of arm movements. In
contrast, the endpoint trajectories, tangential velocity profiles, and stiffness data in
single-joint or multijoint movements have been reproduced in a mathematical model
based on a simple, monotonic pattern of EP shifts (Flanagan et al., 1993; Gribble
et al., 1998). It was concluded from these simulations that the equilibrium and the
actual endpoint trajectories for arm movements in a horizontal plane are close to

_each other (Figure 1A; see also Flanagan et al., 1993). Won and Hogan (1995)
came to a similar conclusion after experimentally analyzing the effects of pertur-
bations on arm movements.

Gottlieb’s (1998) claim that the X model incorrectly predicts the values of
damping reported by Gomi and Osu (1996) is misleading. Gomi and Osu only
reported damping values during the maintenance of a steady posture. These values
(about 0.8 N - m - s/rad) match the values of the damping in the A model for pos-
wral control (Gribble et al., 1998). By referring to the fast movement simulations
by St-Onge et al. (1997), Gottlieb implied that the postural damping data (Gomi &
Osu, 1996) are valid for dynamics, which is unlikely. Damping is affected, in par-
ticular, by the coactivation command in the A model, which may be different for
posture and movement (Gribble et al., 1998; St-Onge et al., 1997). For fast point-
to-point movements, no empirical values of damping are known. Gomi and Kawato
(1996) required movement damping data for their calculations of EP trajectories
but did not report them. Latash and Gottlieb (1991) in their computations of EP
trajectories assumed that joint torque varied with joint angle but was not depen-
dent upon velocity (zero damping), a physiologically unrealistic assumption.

Nevertheless, based on two empirical studies (Feldman, Adamovich, & Levin,

1995; Gottlieb et al., 1989), it is not difficult to estimate damping values for fast
point-to-point movements. The peak value of muscle torque during fast 60° elbow
movements made with the instruction to “move as fast as possible” is about 15
N - m (Feldman, Adamovich, & Levin, 1995). In trials in which such movements
are opposed by a stiff springlike load, the arm stops moving after 10-15°, about the
time when the nonopposed movements reach their peak velocity (about 10 rad/s).
In the opposed movements, the torque reaches 55 N - m (Feldman, Adamovich, &
Levin, 1995). The difference between the two values of torque (40 N - m) is the
torque lost due to muscle shortening. Because the changes in the joint angle and,
consequently, muscle length in the opposed movements and in the nonopposed
movements until peak velocity are similar, the loss in the joint torque at this point
can be attributed to changes in velocity rather than in the amplitude of shortening.
By dividing 40 N - m by movement peak velocity (about 10 rad/s), we get an
estimate of the damping coefficient for fast movements: 4N - m - sfrad.

With small modifications, this method allows us to estimate damping values
using the data of Gottlieb, Corcos, and Agarwal (1989). They also measured peak
values of velocity and torque during fast elbow movements, and did this for move-
ments against different inertial loads. In their experiments, the smallest inertial
load (0.18 kg - m?) was substantially greater than in the experiment by Feldman et
al. (1995; 0.05 kg - m?). Therefore, their subjects typically moved slower and pro-
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duced greater peak torques. For example, during 54° movemen i

est mert’ial load, the mean peak velocity and torqﬁe were about 6:5/?2:11“213 i\lm-a“-
respectlyely (Figure 5A of Gottlieb et al., 1989). Unlike Feldman Adamoviéﬁ,
and Levin (1995), they did not measure torques in arrested movemer;ts Indirectl ’
however, the values of such torques may be estimated from their data. ﬁey showe)c,i
Fhat, for each movement distance, the movement peak velocity decreased and torque
increased ‘wnh the increasing load. The velocity/torque tradeoff was linear qB
extrapolating this relationship to zero velocity, one can find the values of the ml;sclz
torques th_at subjects could develop if the movement were suddenly arrested
Using - their Figure 5A, we found that the extrapolated, maximal torque for 54‘;
movements was about 45 N - m. The torque lost due to muscle shortening was thus
22 N - m. Dividing 22 N - m by the movement peak velocity (6 rad/s) produces an
estimate of the damping coefficient for fast 54° movements: 3.7 N - m - s/rad
T'he sar_ne'method applied to other fast movements analyzed by Gottlieb et al.
yields similar values of damping: 3.4 N - m'- s/rad for 36° and 3.8 N - m - s/rad f01:
72° movements.

‘ The estimates of damping based on different data are thus consistent and
imply the existence of powerful damping mechanisms in the neuromuscular sys-
tem. From a physical point of view, this is not surprising: Low damping is a recipe
for system instability. Physiologically, damping mechanisms are well known: There
is velpcny-dependent force regulation at the level of sarcomeres as wel.l as at
yelocﬂy-dependent afferent feedback to motoneurons. These mechanisms are
integrated in the A model. In the model, damping depends on the p command as
wel} as the C command, which is likely scaled with the required movement speed
(Gribble et al._, 1998; St-Onge et al., 1997). Correspondingly, for slower, self-paced
movements .S|milar to those studied by Gomi and Kawato (1996) Gt"ibble et al
(1998) obtained a lower damping value (2.5 N - m - s/rad) in théir simulationé
using the A model with a monotonic pattern of EP shifts.

. There are several important implications of the suggested short-term;, mono-
tonic changes in control signals in simple point-to-point movements. Fi;'st this
strategy relies on the capacity of the limb muscle mechanics and peripheral ,feed-
back to complete the movement without continuous supervision from control sys-
tems. Second, in the case of a movement error, the short-term control process may
give the system time to prepare and initiate, if neceésary, a corrective response
before the end of the movement. Third, the system may rapidly generate a se-
quence gf central commands for different movements without waiting for the end
of the kinematic response to each movement component. This may ge important
for many motor behaviors, from piano playing to speech production. Fourth, the
::l(:ivslrlne?t dlst;mhce, speed, and duration can be easily coded by specifying Lhe,rate

ration of the monotonic ¢ i i n
o MG Pany ontrol signal (see the section Central Commands,

Movement Equifinality

The term equifinality has been used to describe a feature of the system occurring
when the pattern of ceqtral commands remains unchanged (Asatryan & Feldmanc,
;:)t6hS; Feldmtim ch[l;evm, 1995). Under this assumption. a movement would end
e same fina when unperturbed and following a transi ity-
dependent) perturbation. i sient (e.2. velocly
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Reports of positional errors in arm pointing movements perturbed by veloc-
ity-dependent, Coriolis forces in a dark rotating room (Coello, OrLiaguet, &
Prablanc, 1996; Lackner & Dizio, 1994) are another recent source of controversy
associated with the A model. Lackner and Dizio assumed that since the Coriolis
force is velocity-dependent, it could not modify the final EP and thus no move-
ment error would occur. Inconsistent with this assumption was Lackner and Dizio’s
(1994) finding of positional errors. This conclusion, however, only considers the
mechanical aspects of the perturbation. We mentioned earlier that whereas me-
chanically, a velocity-dependent perturbation does not influence the system’s EP,
other aspects of the perturbation may force the control system to change the EP.
According to the A model, an essential requirement for equifinality is that the pat-
tern of central commands underlying the movement remain the same regardless of
the perturbation. Equifinality may thus not occur if perturbations alter the initial
pattern of central commands.

A change in central commands may be responsible for the effects of pertur-
bations elicited by Coriolis forces in Lackner and Dizio’s experiments. Coriolis
forces were likely sufficiently large to be perceived during movement and subjects
could have reacted to the movement perturbations by changing central commands.
Also note that the Coriolis force deflects the arm from the EP in proportion to
movement velocity. This is in contrast to what happens when muscle forces react
to deflections: They resist them. Coriolis forces thus belong to the family of
antidamping, destabilizing perturbations. Control systems may be forced to ac-
tively react to such perturbations to preserve movement stability and restrict the
arm deflections even though the price will be a positional error. From this point of
view, positional errors resulting from Coriolis forces need not be inconsistent with
the A mode! (Feldman, Ostry, & Levin, 1995b; Figure 1). Thus, the finding of
inequifinality does not justify the rejection of the A model.

Figure 1 shows the effects of Coriolis force perturbations on arm move-
ments in a dark rotating room, simulated in a forward dynamical model based on
equations of Flanagan et al. (1993) modified to incorporate Coriolis forces. Dashed
lines indicate the specified trajectories of shift in the equilibrium position of the
hand. Solid lines indicate trajectories of hand movement resulting in the model
from the shift. In the absence of Coriolis force (A), the shift in the equilibrium
position along a straight line results in hand movement to the target. If the subject
were able to produce the same shift during the application of Coriolis force with-
out correction (B), the resulting hand trajectory would be substantially deflected
from the straight line but eventually the hand would arrive at the target (filled
square). It is assumed that subjects may not tolerate such deflections of the arm
from the intended movement direction and produce corrections in the first (C) and
subsequent (D) trials during rotation of the room. These corrections are made by
changing the direction of the shift in the equilibrium position. In the first trial
during rotation (C), the subject changes the sagittal direction of the shift to the
frontal, coinciding with the direction of Coriolis force. As a result, the arm stops
before it arrives at the target but this strategy introduces a positional and a direc-
tional movement error. In the process of adaptation (D), the directional error is
eliminated by trial-to-trial incremental rotations of the equilibrium trajectory as a

whole in a counterclockwise direction. In the first post-rotation trial (E), the sub-
ject initially reproduces the remembered direction of the equilibrium trajectory
used during room rotation after adaptation and then produces a correction making
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Figure 1 — Effects of Coriolis force perturbations on arm movements in a dark rotating
room.

the trajectory straight. Compared to the first trial during rotation (C), this results in
areversal ‘of positional and directional errors. Movement adaptation in subsequent
Qosy-rotanqnal trials eliminating these errors is produced by rotation of the equi-
h})n_um trajectory clockwise (not illustrated). The model makes the testable pre-
diction that after adaptation during rotation (D), subjects may still undershoot the
tgrget (compare with A) and thus, despite movement corrections, the compensa-
tion of errors may be incomplete. An undershoot can actually be seen in the em-
pirical data by Lackner and Dizio (1994).

The case in which a transient perturbation results in the loss of equifinality
was re[_)oned long ago in a Russian book by Feldman (1979; reproduced in Feldman
& Levin, 1995, Figure 4). In this case, active elbow flexors were unloaded and
ther} qb.l'uptly reloaded. The elbow did not return to the initial position even though
the initial ?ll:ld the final loads were the same. This finding showed that subjects are
more sensitive to loading and less able not to intervene than in the case of unload-
Ing, as was also noticed by Crago, Houk, and Hasan (1976). Indeed, this observa-
tion has not been considered as inconsistent with the A model. The conclusion was
that regardless of the instruction given to the subject, control systems might not
tplerate perturbations when loading speed is above a specific threshold. In addi-
tion, Van Emmerik (1992) analyzed drawing movements perturbed by forces cre-
ated by an electromagnet and found that equifinality may not occur when the per-
turbation force is above a specific threshold value.

Muscle Asymmetries in the x Model

Gpttlieb (1993)‘ argued that the A model should be rejected because of problems
with the definition of the coactivation (C) command. Specifically, he stated that
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the C command, as it is presently defined, affects the EP of the system because of
muscle asymmetries. He also claimed that the problems associated with these asym-
metries have never been addressed. Actually, it was demonstrated in several publi-
cations how the R and C commands may be defined for groups of muscles in the
arm, jaw, and even tongue systems having complex geometry and asymmetric
actions (Feldman, 1993; Feldman & Levin, 1995; Gribble & Ostry, 1996; Gribble,
Ostry, & Laboissiere, 1997; Gribble et al., 1998; Laboissiére, Ostry, & Feldman,
1996; Ostry, Gribble, & Gracco, 1996; Sanguineti, Laboissiére, & Payan, 1997).

The C command in the A model is defined as an independent, control vari-
able not influencing the existing EP of the system or active shifts in the EP elicited
by the R command. This definition is based on experimental observations. For
example, ask a subject to hold a heavy book at a given elbow position. This task is
associated with a strong asymmetry in the action of agonist and antagonist muscle
groups (agonists are active whereas antagonists are slack). Then, tell the subject to
produce agonist/antagonist coactivation. While doing this, the subject usually
maintains the same arm posture. This is easily done at different arm configurations
despite changes in muscle actions. Another observation is that after fast arm move-
ments to a final position, strong tonic agonist/antagonist coactivation occurs, gradu-
ally diminishing without changes in the arm position. These observations are con-
sistent with the idea that subjects can modulate the magnitude of a C command
that increases muscle coactivation without affecting the existing EP of the limb,
even in the presence of muscle asymmetries.’

Gottlieb’s criticism of the inadequacy of the C command has been offered in
reference to simplified models in which we have explicitly assumed that muscle
moment arms and force-generating abilities are equal. However, the simple rela-
tionship between the R and C command and thresholds valid for this case (the R
command as the sum of, and the C command as the difference between, the ago-
nist and antagonist thresholds) should not be regarded as the definition in the sys-
tems with muscle asymmetries.

The important question of how the nervous system specifies the thresholds
of agonist and antagonist muscles to produce the C command without modifica-
tion of the existing EP despite muscle asymmetries has been addressed in the con-
text of the A model. In our arm and jaw models (Gribble & Ostry, 1996; Gribble et
al., 1997, 1998; Laboissiére et al., 1996; Sanguineti, Laboissiére, & Ostry, in press),
control signals to muscles were organized to ensure the functional independence
of R and C commands. In these models, we explicitly accounted for muscle force-
generating asymmetries and asymmetrical muscle moment arms in the definition
of the R and C commands. Central commands were defined as specifying different
relationships between the activation thresholds of all muscles. For example, in the
jaw-hyoid system, one R command produces jaw rotation and the other jaw trans-
lation. There are also R commands that produce hyoid motion. By combining these
commands, one can specify any configuration of the jaw-hyoid system. In our
recent multi—degree of freedom models, the C command was defined as the set of
lambda shifts that result in equal increases in agonist and antagonist torques at a
given limb configuration. This formulation as well as alternate assumptions about
the organization of control signals underlying the R and C commands is testable
on the basis of EMG activity patterns.

Although in our arm and jaw models we have assumed that muscle and
moment arm asymmetries are accounted for in establishing control signals
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subse.trving R and C commands, it is also possible that control systems influence
agonist and antagonist muscles as if they were symmetrical structures Segmental
interneurons ‘may adjust influences to motoneurons, depending on pro‘prioce tive
§|gnals carrying information about muscle asymmetries and may prevent chalr)\ es
in the. system’s EP. In this context, a neural network was developed to ex l(g)re-
thc?se ideas (Feldman, 1993). The network integrates afferent inputs from mgscle
spmd!e aqd tendon organ afferents, presynaptic and recurrent inhibition, and su-
graspmal Inputs to motoneurons. The phenomenon of “reflex reversal” ,is also a
szlltrl:]r:t l(])(t)' (;lsme network. The neural network may be verified by electrophysiologi-
Finally, in some cases, the effect of mechanical asymmetries of flexor/ex-
tensor muscles may be small. For example, for arm movements in a horizontal
plane, the'inﬂuence of gravity is minimal. If active movements are produced, the
arm, d«iespm\: flexor and extensor asymmetries, arrives at a final position at wi1ich
the action of these muscle groups is symmetrical: They create equal and opposite
torques. Moreover, numerical simulations show that the mechanical asymmetries
may have little effect on rapid single-joint movements against zero loads. For ex-
ample, St-Onge et al. (1997) reported that changes in the velocity profiles of fast
elbow movements elicited by the same central commands in different biomechani-
cal structu'res (one with symmetrical flexor/extensor properties and the other with
asymmetrical properties originating from position-dependent changes in the flexor
moment arms when the extensor moment arm is constant) were insignificant.

' Two factors contribute to the decrease of the effects of biomechanical asym-
metries on movement in the model. First, the natural tendency of the system is to
balance the action of agonist muscles, antagonist muscles, and loads. Second. the
C command employed in fast movements tends to add equivalent agonist and an-
tagonist torques. The decreasing effect of muscle asymmetries is an interesting
aspect of the model, implying that the nervous system in some cases may controcl
muscles as if they were symmetrical structures.

Central Commands and Movement Characteristics

Central Commands, Reflexes, and EMG Patterns

gottlieb (1998) claimed that the existing version of the A model does not explain

movement features such as distance, speed, and load.” The specification of move-
ment distance, speed, and muscle forces was explained, in a straightforward way,
in the t:ramework of the A model based on a monotonic shift in the arm EP (Feldmzu;
& Levin, 1995; Feldman et al., 1990; Flanagan et al., 1993; St-Onge et al. 1997)
The movement distance is defined by the magnitude of the EP shift. The,shift is.
defined by two parameters: the velocity and duration of the shift. These param-
eters as well as the C and p. commands also influence movement speed. The veloc-
ity of EP shift is a vector. The control systems may change the direction of the EP
S'hlft while its rate and time may remain the same. The resulting movement direc-
tion but not distance will be changed. On the other hand, the system may only
c.hange: the rate of EP shift. In this case, only movement distance and not its direc-
tion w1}l be affected. Thus, the possibility of independent coding of arm move-
glggt ldlstance and direction (Messier & Kalaska, 1997) is also integrated in the

el.
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Similarly, the model accounts for “speed-sensitive” and “speed-insensitive”
strategies described by Gottlieb et al. (1989), phenomena initially observed by
Wadman, Denier van der Gon, Geuze, and Mol (1979). To produce arm move-
ments that differ in terms of distance, control systems in the model may vary the
time of the EP shift while preserving its direction and rate and values of other
control variables. The control patterns for different movements thus are initially
identical and then diverge. As a consequence, the trajectories of resulting move-
ments and EMG patterns will also be identical in an initial phase. This is a “speed-
insensitive” strategy. On the other hand, suppose it is necessary to make a move-
ment to the same target but at different speeds. Then the rate and duration of the EP
shift should be varied in a reciprocal manner. The resulting trajectories will di-
verge from the start of movement (“speed-sensitive” strategy). The A model sug-
gests that these strategies are not unique in movement production and are conse-
quences of the more basic phenomenon of a monotonic EP shift (Feldman et al.,
1990; St-Onge et al., 1997).

A number of additional criticisms of the model have been reported, but they
are not consistent with recent experimental findings.

First Example. Muscle spindles in the jaw-opener muscles are few in com-
parison with the jaw-closer muscles (see Rowlerson, 1990, for review), and it has
been suggested that the stretch reflex plays a minimal role in regulating their activity
(see Luschei & Goldberg, 1981, for summary). This suggestion conflicts with the
A model, in which central control processes are associated with changes in reflex
parameters such as the threshold of the stretch reflex. The conclusion may follow
that the model is inapplicable to the jaw system.

Alternatively, one can reinvestigate the reflex behavior in the jaw system
using the “do not intervene” paradigm (Asatryan & Feldman, 1965). Using this
method, robust phasic and tonic stretch reflexes perhaps mediated by afferents
" other than muscle spindles have recently been revealed in jaw opener muscles
(Ostry, Levin, & Feldman, 1997). Thus, the applicability of the A model to the jaw
system is not in question.

There are experimental data implying that the stretch reflex is absent in ex-
trinsic eye muscles despite the presence of a sufficient number of muscle spindles
(Robinson, 1981). Since we know that a similar suggestion regarding the jaw-
opener muscles has proven to be incorrect, additional experimental analyses of
stretch responses in extrinsic eye muscles would seem appropriate before deciding
on the applicability of the A model to the oculomotor system.

Second Example. It was observed that the onset time of the first agonist
burst in fast arm movement does not depend on the stretch reflex; that is, the onset
is insensitive to external perturbations that lengthen or shorten the muscle (Brown
& Cooke, 1986). This finding supports the notion that EMG activity may be directly
programmed in the nervous system. In contrast, the A model suggests that central
control signals do not carry information on the timing and magnitude of EMG bursts
and that these patterns emerge from the interaction of central control signals, reflex
components, and biomechanical components of the system. As a consequence,
the model predicts that the onset time of the first agonist burst is stretch reflex—
dependent. However, to observe this effect, specific characteristics of perturbation
are required. Since the model shows that the rate of central changes in the stretch-
reflex threshold underlying fast movements is high (700°/s; see, e.g., St-Onge et al.,
1997), changes in the onset time of the first EMG bursts can only be obtained with

wm—-q’m- .
R
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high-speed perturbations (>100°/s). Recentl , experimental da i i
this prediction have been reported for the fastc):,st mlc)wement (Ad;x:lggizsl?tlf:\t'i:lg:
Fglc.iman, 1997). Rapid perturbations applied 50 ms before the onset of 1;10vem;nt
ehcx{ed robust stretch-reflex—-mediated modifications of the onset time of the first
agonist as well as other EMG bursts in the fastest elbow flexion movements

Third Example. A triphasic EMG pattern characteristic of fast arm m.ove-
ment can be found in trials in which the movement is suddenly arrested (Ghez &
Gordon, 1987; Latash, 1993). This finding is usually also considered as evidence
that the EMG pattern is basically preprogrammed.

The model actually predicts that a triphasic EMG pattern may be found in
arrested movements whose amplitude is less than about 50°, If the amplitude is
greater than that, the antagonist EMG burst will be suppressed, whereas the first
agonist burst will not be terminated (Feldman, Adamovich, & Levin, 1995). This
effect has beer.x demonstrated in a recent empirical study by arresting the elbow
movements. with a strong springlike load created by a torque motor (Feldman,
Adamovich, & Levin, 1995). Consistent with the model, it simultaneously pro:
motes the notion of the absence of central programming of EMG bursts.

Neuromuscular Systems Are Fundamentally Nonlinear

Mathematically, the well-established threshold properties of motoneurons and other
peuronal elements make the motor system fundamentally nonlinear. In other words
1t cannot be considered linear even locally, for small changes in variables. The;
reflex delay is also a nonlinear element of the system. The invariant characteristics of
rpuscl.es are also substantially nonlinear. In contrast, not only local but also global
hnefu‘ny. of the system was assumed in Gomi and Kawato’s (1996) computations of
equilibrium trajectories in pointing movements. These simplifications contribute
to their paradoxical finding (shifts in the EP end after the end of movement).

There are additional problems with Gomi and Kawato’s computational
_method. They assumed that muscle torques are only functions of position, veloc-
ity, and control signals. They thus ignored time- and history-dependent generation
of r.nus.cle torques, that is, gradual changes of muscle torques in response to muscle
activation or deactivation that occurs even if other variables are fixed.

) I{n addition, the physical definition of stiffness implies computation of par-
fnal derivatives of muscle torques with respect to position for zero values of veloc-
ity and fixed values of control signals. Gomi and Kawato estimated these deriva-
tives put did not extrapolate them to the values resembling zero velocity. Each
experimental point was obtained by averaging kinematic and torque data over a
period of 300 ms. The change in control variables during this time could affect the
measurement. Gomi and Kawato thus obtained some quantities that cannot be called
stlffness and damping without reservations. The error in the computation of the EP
shifts based on these data may be substantial, as was demonstrated by Gribble et
al. (1998). In a model employing a simple, monotonic EP shift, Gribble et al. pro-
ducgd computations according to the algorithm of Gomi and Kawato (1996) and
obtained nonmonotonic trajectories resembling those considered by Gomi and
Kawgto as EP trajectories. The nonmonotonic shape of the EP shifts may thus be
considered an artifact of the algorithm.

The measurement of stiffness and damping in motor systems is presently
based on analogies between the nonlinear motor system and linear springlike sys-
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i i ifts the focus from
tems. The A model not only questions these analogies but shi :
these biomechanical variables to variables (R, C, and p cpmmands) more dlrecély
controlling the system’s dynamic properties (see, e.g., anble: etal, l9?8, and St-
Onge et al., 1997, for analysis of the sensitivity of the model’s dynamics to these

commands).
Concluding Remarks

re are different options for testing the model’s validity, as fiescnbed in severa?
:::::ions of this paper.pRecent publications by Ostlry’s group (anbl.e & Ostry, 1996(i
Gribble et al., 1998) in which they reproduced stiffness and damping data reporte:
in other studies are also examples of testing of the model. In our response to the
commentaries on our target article (Feldman &. Levin, 1995), we suggested some
critical tests of the model. If they were invalid, it would be a‘challeng.e to come up
with something better than the existing model. If the predictions are _!ustlﬁed, 1ctl is
reasonable to keep the model and to formulate and test other predictions. Th(le t«)a-
velopment of the model is not finished, and some aspects of the model can on y be
elaborated upon based on the results of appropriate experiments. Indeed, testmlg
and developing the model require a complet.e ur}derstandmg of its fundamex';fﬁ's
and the ability to use its language to explain dlfferent motor phenomena. [ }11st
language may be helpful in the systematic analysis of motor control. Onedmng
even say that rumors of the model’s “death” have been slightly exaggerated.
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Notes

'This is a major point of disagreement between the X model and another version of
the EP hypothesis—the & model (Bizzi, Hogan, Mussa-Ivaldi, & Giszter, 1992) in which
EP shifts are determined by changes in the magnitude of muscle activation.

?In some studies it was mistakenly assumed (e.g., Gottlieb & Agarwal, 1988) that the
phrase “invariant characteristic of the joint” implies that the shape of the characteristic
remains invariant when the characteristic is shifted by control systems. The change in the
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shape is basically related to the diff, i
shape is bs erences in muscle moment arm i
istics I? r\;hffcrent parts of the biomechanical range (Feldman l979§ e passive character-
ote that the above consideration also implj | .
7 implies that despit i
act Pite monoto
ng ,::,'::)t:,(;?o:,?;eShOIds by the R command, the overall changes in the lrllllrce:}}:z?gse saOf
» an experimentally testable consequence of th i *
. ‘ e X\ model. G
(1986) also noticed t!lat the explanation of the triphasic EMG pattern in thel eJe()?iand o
poses z:rrr;:)nmongtomc change in the stretch reflex thresholds modelpresup-
sl e physufal definition of stiffness implies measurement of partial derivatives of
muscle s;)grgules Tvi/lithdre;pect to position for zero values of velocity and fixed valuess gf
als. The definition of damping implies measu; i
: rement of partial derivati
o ( partial derivat
qul:;ctlic:i :(S)rce with ;es;)pecct; to velocity, also for fixed values of control signals Whet;l‘;su?:
measured by Gomi and Kawato ( 1996) ar: i i .
diseussed in the seottn oo € consistent with these definitions is
. muscular Systems Are Funda i
o ; uromuscu mentally Nonlinear. In addi-
ityr:-,e;\;sn:sl?rciz[t.heut') tetrm wschoszty with damping. According to Zatsiorsky (1997) vi:g:;
-Inction between the layers of fluid, a irel .
cable to the neuromuscular system. Property that may not be erely appl
s . .
jnvolung:i:lanfe in tlllle EP may be elicited not only voluntarily, by an R command, but also
Y, by a change in the external force or load. The i
indeed, depends on the existin i s comm o e e n he EF
8 g C command since this command i i ’
ments elicited by external forces. How v if s e
. . ever, the new EP may be i
mand is applied. One may thus sa resents am adaptie mer o
and . y that the C command represents an adapti i
 app aptivi
discriminating lbetween voluntary and involuntary actions (Feldman 199;)) e mechanism
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