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Evolution of Motor Control:
From Reflexes and Motor Programs
to the Equilibrium-Point Hypothesis

by
Mark L. Latash?

This brief review analyzes the evolution of motor control theories along
two lines that emphasize active (motor programs) and reactive (reflexes)
features of voluntary movements. It suggests that the only contemporary
hypothesis that integrates both approaches in a fruitful way is the equilib-
rium-point hypothesis. Physical, physiological, and behavioral founda-
tions of the EP-hypothesis are considered as well as relations between the
EP-hypothesis and the recent developments of the notion of motor syner-
gies. The paper ends with a brief review of the criticisms of the EP-hy-
pothesis and challenges that the hypothesis faces at this time.
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An Introduction: The History of the Active-Reactive Argument

The origins of voluntary movement and of the relations between human
movements and their controller, the central nervous system (CNS), have been
fascinating scientists at least since the times of the great Greek philosophers of
the past. At that time, the problem of movement-CNS relation was more com-
monly formulated as that of the relation between the moving body and the
controlling soul. For example, Plato viewed self-motion as a sign of immortal
soul, which was apparently inherent to all animals capable of voluntary move-
ments. Plato did not give a definition of “self-motion”, but likely he implied all
movements of a living being that could not be expected from an inanimate ob-
ject with the same mechanical properties given the forces acting on the body
from the environment. As we will see later, this view is similar to stating that
the soul contained what a contemporary researcher would call motor programs.

Aristotle was arguably the first to pay attention to a distinguishing feature of
biological movement, that is its coordination. According to him, coordination
came from the harmony of the world, as an interaction between the controlling
soul and the environment — a step towards dynamic models of movements.

So, are movements produced in an active way (by a will, intention, or soul)
or in a reactive way (as responses to signals from the environment)? This ques-
tion has been debated hotly since the times of Plato and Aristotle, and the story
of motor control is the story of discoveries that swung the pendulum back and
forth, between the active and reactive theories.

In the beginning of the twentieth century, two great scientists contributed
greatly to the development of the active theory based on reflexes. They were
both Nobel Prize winners, and their works had shaped the field for decades to
come. A great Russian physiologist, Ivan Pavlov, developed a theory of inborn
and conditioned reflexes, according to which all movements represented com-
binations of those two groups of reflexes. New movements emerged as a result
of new pathways through the CNS networks created by repetitive excitation of
the involved neurons. Sir Charles Sherrington, the founder of contemporary
neurophysiology (for a detailed review see Stuart et al. 2001), did not claim that
movements represented combinations of reflexes; rather, according to his the-
ory, movements were produced by modulation of parameters of reflexes. As we
will see further in this article, this view is already rather close in spirit to the
equilibrium-point hypothesis of motor control.

Despite the scientific prestige of Sherrington and Pavlov, their theories met
with opposition from two younger and much less decorated opponents, Gra-
ham Brown and Bernstein. Graham Brown observed locomotion in animals
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without reflexes and started a line of research leading eventually to the notion
of central pattern generators (CPGs). Bernstein argued in favor of motor pro-
grams (he called them “engrams”) stored in memory and recalled when a coor-
dinated movement was required. The very first book by Bernstein was written
in the middle 1930t and contained an argument with Pavlov and his school.
Unfortunately, the book was published only about 70 years later (Bernstein
2003).

For the sake of brevity, let me jump over the development of these ground-
breaking ideas by such outstanding scientists as von Holst and the Moscow
school of Gelfand (CPGs and motor programs), and the schools of Eccles and
Lundberg (reflexes).

In the 1970t the Bernstein idea of engrams was developed in the shape of a
generalized motor program (schema theory, Schmidt 1975). Note that Bernstein
did not view engrams as direct precursors of torque patterns, rather as time
functions of abstract variables encoding salient features of movements such as
their topology (Bernstein 1935, 1967). He realized that exact peripheral patterns
of movements could not be encoded by neural signals, they emerged with equal
participation of signals from peripheral receptors and the direct mechanical
effects from the environment. In contrast, the theory of generalized motor pro-
grams assumed that patterns of mechanical variables such as muscle forces and
joint torques were encoded in the CNS. They could be retrieved with different
gains and time scales leading to stronger/weaker and faster/slower movement
execution. According to this view, for example, a cyclic motor pattern has to be
associated with a cyclic motor program.

The reactive (reflex) part of the story also developed in the form of the dy-
namic systems approach to movements. This development was inspired by two
major sources. First, the development of dynamic systems theory in mathemat-
ics and its applications to physics showed that complex patterns could emerge
in a complex system under simple control that had no obvious similarity to the
patterns. For example, a pendulum swings in a cyclic fashion without any cyclic
control, simply because of the laws of physics and the action of gravity. Simi-
larly, a limb may swing at its natural frequency without a cyclic input from the
CNS in an apparent contradiction to the ideas of generalized motor program.

The second source was the idea of direct perception introduced by Gibson
(1979). The importance of sensory feedback has been accepted in all theories of
movements. However, for a theory that views movements as built on reflexes
(or other feedback-based mechanisms), feedback is vital for meaningful move-
ments. In contrast, the theory of motor programs is expected to be able to pro-
duce desired motor patterns in the absence of feedback and, sometimes, even
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by overcoming the effects of the feedback (Gottlieb et al. 1990). Within this
view, feedback signals can be used for starting, stopping, correcting, and pa-
rametrizing motor programs. In contrast, the idea of direct perception implies
that movements always reflect feedback signals even if those are not con-
sciously perceived by the actor. Certainly, this view remains incomplete unless
activity within the system is allowed to emerge independently of the ongoing
sensory feedback along the ideas of the physiology of activity that Bernstein
started to develop in his final years of life (Bernstein 1967).

Recently, the motor programming ideas have been further developed based
on the progress in control theory and engineering. According to these devel-
opments, memory is assumed to contain not generalized motor programs but
sets of internal models (Kawato 1999; Wolpert et al. 1998; Shadmehr and Wise
2005), both direct and inverse, that is neural structures modeling or emulating
physical processes involved in transformations leading from neural signals to
peripheral mechanics (direct) and those involved in predicting neural signals
that would produce desired mechanics (inverse).

In the turmoil of the discussions of the past half-century, one hypothesis has
stood alone and withstood the abundant criticisms, the equilibrium-point (EP)
hypothesis. Its fate is unique: Over all this time, it has been neither disproved
nor accepted by a majority of researchers.

The Origins of the EP-hypothesis

As most non-trivial hypotheses, the EP-hypothesis has several layers with
their own assumptions and mechanisms. These assumptions and mechanisms
can be traced back to the general principles of physics and classical findings in
neurophysiogy and motor behavior.

One of the main sources of the EP-hypothesis is physics. This is not unex-
pected given that its founder, Anatol Feldman, was trained as a physicist. Ac-
cording to the principle of relativity of Galileo, forces may emerge and disap-
pear if you switch reference frames. For example, in the reference frame of a
falling elevator (please, do not perform this experiment), the net force acting on
a person within the elevator may be zero. In the external reference frame, the
person moves at a constant acceleration under the influence of the force of
gravity. This example shows that changing a reference frame may lead to the
emergence or disappearance of forces. That is why, the recent development of
the EP-hypothesis in its application to whole-body movements has been termed
the reference configuration hypothesis (Feldman and Levin 1995; Feldman et al.
1998, 2007).
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The EP-hypothesis combines principles from the “reflex” and “motor pro-
gram” theories. In particular, it is based on the ideas of Sir Charles Sherrington
who viewed muscle reflexes not as hardwired stereotypical responses to stimuli
but rather as tunable mechanisms that formed the basis of motor behavior.
Control of movements, according to Sherrington, was performed by changing
parameters of reflexes, in particular of the tonic stretch reflex, an idea very close
in spirit to the EP-hypothesis. On the other hand, the EP-hypothesis accepted
the idea of Bernstein’s engrams assuming that patterns of control variables (re-
lated to changes in the reference body configuration and expressed as parame-
ters of reflexes — see the next section) were stored in memory and formed the
basis for voluntary movements.

One of the very influential behavioral experiments related to the EP-hy-
pothesis was performed by a famous German team of neurophysiologists
(Wachholder and Altenburger 1927). They asked a seemingly naive question:
How can a person relax muscles acting at a joint at different joint positions?
Indeed, muscle spring-like properties had been known at that time. Two
springs acting against each other can only be in an equilibrium at one position;
a change in that position would stretch one spring, shorten the other, and de-
stroy the equilibrium. In their experiments, the researchers recorded muscle
activation levels and confirmed that humans could indeed relax at different
joint positions. They ended up with a revolutionary conclusion (ignored for
decades!) that the CNS modified muscle spring properties during voluntary
movements.

A similar question was posed by von Holst and Mittelstaedt (1950) a few
decades later: How does the system produce voluntary changes in joint angle
without inducing a posture-stabilizing resistance? Indeed, a host of posture-
stabilizing mechanisms had been discovered by that time. They all contributed
to resistance of human joints to external perturbations. Why is voluntary
movement not triggering those mechanisms? Von Holst and Mittelstaedt intro-
duced a reafference principle hypothesizing that voluntary movements
changed a reference point with respect to which afferent signals were assessed
in their posture-stabilizing action.

Approximately at the same time, arguably the first motor control hypothesis
was introduced by Merton (1953). This hypothesis, termed the servo-hypothe-
sis, postulated a particular physiological signal as the control variable in the
production of voluntary movements. According to Merton’s servo-hypothesis,
signals to the system of gamma-motoneurons established a desired muscle
length, and the tonic stretch reflex acted to make sure that the encoded length
was achieved independently of the external load and its possible changes. In
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other words, the servo-hypothesis assumed that the tonic stretch reflex was a
perfect length-controlling servo mechanism. Unfortunately for the hypothesis,
further experiments failed to support its main assumptions such as the very
high gain of the tonic stretch reflex loop (Matthews 1970; Vallbo 1970) and ear-
lier activation of the gamma motoneurons as compared to the alpha motoneu-
rons at movement initiation (Vallbo 1971).

At the end of the first half of the XXt century, Peter Matthews (1959) pub-
lished a classical paper exploring the tonic stretch reflex in the decerebrate cat.
In particular, Matthews showed that a fixed descending input into the spinal
cord (a fixed level of stimulation of the descending pathways) was associated
not with a fixed length, or a fixed force, or a fixed level of activation, but with a
stable relation between muscle force and length, while muscle activation
changed in parallel with the force. Changes in the stimulation level resulted in
shifts of the force-length characteristics along the length axis. In other words,
muscles behaved like non-linear springs with zero length dependent on the
descending signals. These studies were direct precursors of experiments by
Feldman that led to the formulation of the EP-hypothesis (Feldman 1966). In
those experiments, Feldman did not decerebrate human subjects but asked
them “not to interfere” assuming that this instruction leads to an unchanged
descending command. He observed sets of joint-angle characteristics for the
elbow joint that were similar to the force-length characteristics in the study of
Matthews. In particular, a change in the initial state (that required a different
descending command) was associated with a shift of the joint-angle character-
istic along the angle axis.

The EP-hypothesis in the Nutshell

The equilibrium-point hypothesis is based on several major principles. Some
of them such as the Galileo principle of relativity have been already mentioned.
Another one is related to the design of the neuromuscular system, namely its
threshold nature. As shown by Matthews (1959), changes in descending signals
to the spinal segmental apparatus may be described as setting threshold values
of muscle length for the tonic stretch reflex. If the length of a muscle is below
this threshold, the muscle is silent. If it is over the threshold, the muscle is acti-
vated, and the level of activation grows with the difference between the actual
muscle length and the threshold value. This activation tends to produce muscle
contraction (shortening) thus bringing its length closer to the threshold value.

In other words, the difference between the threshold position defined
mainly by descending signals and the actual position (sensed by propriocep-
tors) leads to activation of motoneurons and muscle fibers they innervate. These
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neural and muscular elements interact with each other and with the environ-
ment through both mechanics and neural loops. These interactions tend to re-
duce the activity of motoneurons and minimize the difference between the ac-
tual position and the threshold position. So, all muscles are trying to achieve
minimal activation compatible with the external forces including those pro-
duced by other muscles. This may be viewed as a principle of minimal end-state
action (a cousin of the principle of minimal interaction; Gelfand and Tsetlin,
1966). In real world, muscle length changes are constrained by the body anat-
omy and its interaction with the environment. As a result, at an equilibrium,
some muscles typically show non-zero activation levels.

Force
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B: Active Movement

Force A: Equilibrium Point

Length Length
Force C: Passive Movement
A
Lf-—=—========
| S

Length
Fig.1
An illustration of single-muscle control within the EP-hypothesis.

A: A central command (2) defines a force-length characteristic. Given an external load
(L), only one equilibrium point is possible (EP1). Any deviations (filled points) from EP1
will result in motion back to EP1.

B: To perform an active movement, a change in A is required (A1 to A2). As a result, a
new equilibrium point (EP2) is established, and a motion to EP2 happens.

C: Movements can occur passively, as a result of a change in the load (L1 to L2).

Let us start with a single muscle. Its steady-state may be described with two
variables, length and force (Figure 1A). A control signal (1) sets the threshold of
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the tonic stretch reflex, that is a dependence between active muscle force and
length similar to the dependences observed by Matthews. The actual muscle
force and length depend on both A and the external load (L is Figure 1A). If a
muscle is at an equilibrium point (EP1) acting against the load L, its force mag-
nitude equals L. Any deviation of the muscle from that point would result in a
change in its activation such that the active muscle force will be higher than L
(if the muscle is stretch) or lower than L (if the muscle is shortened). If after
such an imposed length change, the muscle is released, it will go back to EP:
because no other equilibrium state exists. The mechanisms that tend to bring
the muscle back to EP:1 are the posture-stabilizing mechanisms considered by
von Holst and Mittelstaedt (see earlier).

Imaging now that the force-length curve is shifted (from A1 to A2 in Figure
1B). The previous equilibrium point, EP1 is no longer an equilibrium point. It is
a deviation from the newly established equilibrium point, EP2. The same pos-
ture-stabilizing mechanisms that used to bring the muscle back to EP1 now tend
to move it to EP2. So, posture stabilization and movement production are two
peripheral consequences of the same central mechanism very much in compli-
ance with the reafference principle.

Imagine now that the central command remains unchanged (A1) but the load
changed from L: to L2 (as in Figure 1C). The previous equilibrium point be-
comes non-equilibrium, and a movement occurs to a new equilibrium point
(EP2) where the active force of the muscle equilibrates the external load.

Panels B and C Figure 1 illustrate that within the EP-hypothesis, movements
may result from two causes. A movement may be a consequence of a change in
the external load while the person does not change the voluntary command to
the muscle. A change in the load while keeping the command constant results
in a new combination of muscle force and length along the same force-length
curve, a movement that may be addressed as “involuntary”. A movement may
also be produced by a change in the threshold of the tonic stretch reflex (a
change in A). Since A is under control of the CNS, such movements may be
called “voluntary”.

It is rather easy to generalize this scheme to a joint controlled by two mus-
cles that produce joint torques in opposite directions, for example a flexor and
an extensor muscle. Figure 2 illustrates the tonic stretch reflex curves for a pair
of muscles with opposing actions using another pair of mechanical variables,
torque and angle, that are more appropriate to describe rotational actions. Each
muscle is controlled with its own command variable, As for the flexor and Ae for
the extensor. The {At; Ae} pair defines an overall joint characteristic shown by the
bold line in Figure 2. Equilibrium state of the joint and its mechanical behavior
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will also depend on the external torque. For example, if there is a constant ex-
ternal torque (Tq in Figure 2) acting on the joint, the system will be at an equi-
librium at a combination of torque and angle values {To, ow}.

A: Reciprocal command (r) B: Coactivation command (c)
Torque Torque
A < \
A2 Aeq Angle Ao A1 _ Angle
Aoz - A Ay Moz
Fig.2

Control of a joint may be described with two variables, A and J. on the torque-angle
plane. The joint torque-angle characteristic (thick lines) will represent the algebraic sum
of the corresponding muscle characteristics.

A: Shifts of both Arand e in the same direction result in a shift of the joint
characteristic parallel to the angle axis and may be associated with a reciprocal
command (r). Shifts of Arand A in opposite directions lead to a change in the slope of
the joint characteristic and may be associated with a coactivation command (c).

Voluntary joint motion and/or torque production result from shifts of the
two As. It is easy to notice that, if both Ar and Ae shift in the same direction along
the angle axis, the mechanical characteristic of the whole joint, which is the al-
gebraic sum of the two muscle characteristics, shifts parallel to itself along the
angle axis without a change in its shape (Figure 2A). This mode of control may
be viewed as trying to activate one muscle and relax its antagonist. On the other
hand, if A and Le shift in opposite directions, there is little change in the location
of the joint characteristic but a major change in its slope (Figure 2B). This will
not move the joint by much but will “stiffen” it. To reflect these two modes of
joint control explicitly, another pair of variables has been used that is equivalent
to the {As; Ae} pair. These variables have been referred to as reciprocal command,
r, and coactivation command, ¢ (Feldman 1980, 1986). They can be defined as r =
(Mt Xe)/2; €= (Mt- he)/2.

To make a step to multi-joint and whole-body movements, the notion of a
reference configuration has to be introduced. This notion was introduced by the
group of Anatol Feldman as a control variable at a high level of a control hierar-
chy involved in the production of natural, multi-joint movements (Feldman and
Levin 1995; Feldman et al. 2007). Reference configuration defines, in the exter-
nal space, a configuration, at which all the muscles would attain a minimal level
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of activity — a set of threshold values for muscle activation. External forces may
not allow the body to reach a current reference configuration; then, the differ-
ence between the reference configuration and an actual configuration will result
in the non-zero muscle activations leading to force production against the ex-
ternal forces.

For now, let us assume that a hypothetical central controller can set values of
As for each muscle, and correspondingly, values of {r,c} for each joint independ-
ently of other factors. Under this assumption, control of a muscle can be ade-
quately described with a time function A(t). This time function may be viewed
as a control variable supplied to the segmental apparatus controlling the mus-
cle, its control trajectory.

If at any moment of time, to, the current value of A is frozen at A(to), and the
system is allowed to reach an equilibrium, it will come to rest at an equilibrium
point corresponding to a combination of muscle length and force (ler,Fer) de-
fined by A(t) and the external load. So, a control trajectory A(t) may be associ-
ated with a time sequence of equilibrium points EP(t) or an equilibrium trajec-
tory. Note that, by definition, the equilibrium trajectory incorporates both
length and force changes.

While the control trajectory is assumed to be specified centrally, the equilib-
rium trajectory emerges with an equally important role played by the external
force field. For example, if a movement is practiced against a constant external
load, repeating the same control pattern (same control trajectory) can be ex-
pected to lead to the same equilibrium trajectory but only if the load does not
change. Generating the same control trajectory against a changing load would
result in a different equilibrium trajectory. This feature was used in a series of
studies with the reconstruction of time patterns r(t) and c(t) using external loads
that could change smoothly and unexpectedly (Latash and Gottlieb 1991; Latash
1992).

For a given equilibrium trajectory, actual trajectory, 1(t) of the system will de-
pend on many factors that may be united under a not-very-precise notion of
dynamics. These factors include, in particular, the external force field, the me-
chanical properties of the moving segments, the time delays in the reflex arcs
that bring about changes in muscle activation via the tonic stretch reflex loop,
the properties of the transformation from muscle activation to force generation,
etc.

Unfortunately, at the current level of experimental sophistication, analysis of
time patterns of control variables (for example, As) has been elusive. This is due
to the fact that observed variables such as forces and displacements are indirect
reflections of equilibrium trajectories, which are in turn indirect reflections of
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the A(t) functions. Even in experiments with isometric force production in pre-
dictable conditions, regularities seen at the level of mechanical elemental vari-
ables cannot be viewed as adequate reflections of some hypothetical regularities
at the level of control variables: Even if no overt motion happens during an
isometric force production action, muscle activation leads to shortening of the
muscle fibers and lengthening of the tendon such that the total length of the
muscle+tendon complex remains unchanged while muscle length actually
changes. Besides, muscle activation is accompanied by activation of the gamma-
system that changes the sensitivity of the spindle sensory endings to both mus-
cle length and velocity. Since spindle endings are a major source of reflex ef-
fects, the reflex contribution to muscle activation is expected to change even
under isometric conditions.

There have been several attempts to reconstruct the time changes of As (or of
the {r,c} pairs) during natural actions (Latash and Gottlieb 1991; Latash 1992,
1994; Gomi and Kawato 1996). All these studies, however, used simplified me-
chanical models of the moving segments and, therefore, produced questionable
results (see Gribble et al. 1998).

Another approach to identifying A(t) or reference configurations has been
based on an analysis of electromyographic patterns of large groups of muscles
(Feldman et al. 1998; Lestienne et al. 2000). This approach is based on the fol-
lowing idea. Because of the gravity field, which provides a non-zero external
load during most actions, actual joint configurations during natural movements
rarely coincide with reference configurations thus leading to non-zero activa-
tion of certain muscle groups. However, during a quick movement with a re-
versal, one may expect that, at some point in time, the moving actual configu-
ration will coincide with the moving reference configuration. If this happens, all
the muscles participating in the action may be expected to show a minimum of
their activation level at the same time. Such global minima of muscle activity
were indeed observed in the cited studies. However, even this method offers
only an indirect method of identifying a reference configuration at only one (or
few) point during a movement.

The EP-hypothesis and Motor Synergies

Recently, a new view on synergies has been developed based on the princi-
ple of abundance (Gelfand and Latash 1998). According to this principle, when
a neural controller faces a task that involves a large set of elements, it does not
look for single solutions but organizes interactions among the elements in such
a way that families of solutions emerge that are all capable of performing the
task (reviewed in Latash et al. 2002, 2007). The freedom of selecting solutions
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from a large set allows the controller to deal with possible perturbations or per-
form other tasks at the same time using the same set of elements (e.g., Zhang et
al. 2008).

With respect to single muscle control, the EP-hypothesis may be viewed as a
particular example of a multi-element synergy with motor units playing the
role of elements, and the overall muscle behavior (for example, the level of acti-
vation, or the active muscle force, or the joint position) playing the role of task
variables. The tonic stretch reflex mechanism is an example of a feedback sys-
tem that adjusts the rates of the action potential generation by individual motor
units stabilizing the total level of muscle activation. For example, if one motor
unit stops firing, the level of muscle activation drops, the balance of forces is
violated such that the muscle is stretched by the external load, muscle spindles
show an increase in their activity, the tonic stretch reflex produced more excita-
tion of the motoneuronal pool, and all motoneurons increase their firing rate
(and/or new motoneurons are recruited) thus compensating for the effects of
the original problem (one motor unit stopped working).

{R;C}

v
[{r1;c1} {r2;e2} {raica}.. {fn:'-‘-n}J

T
Fig.3

An illustration of a hypothetical hierarchy for a multi-joint movement. A command for
a desired motion of a particular point on the body (for example, the endpoint of a
multijoint limb) may be associated with a command {R,C}. It forms an input into a
synergy using {r,c} commands to individual joints as elemental variables. Each {r,c}
pair is the input into a multi-muscle synergy with As as elemental variables.

Can this approach be generalized to the control of multi-effector systems. To
do this, we have to use the notion of reference configuration introduced ealier.
If one understands the notion of reference configuration not as a detailed configu-
ration of all the segments of the body (all its kinematic degrees-of-freedom) but
as a combination of threshold positions of only important points (Pilon et al.
2007), this notion offers a very attractive framework to look at motor synergies
at a control level. Assume a hierarchical control system where, at each level of
the hierarchy, the system is redundant, that is it produces more output vari-
ables than the number of constraints specified by input variables (Figure 3). If
the controller cares only about certain characteristics of a motor action, other
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characteristics may be allowed to vary based on some secondary considerations,
possibly reflecting optimization of certain features of performance.

For example, during a multi-joint movement, frequently trajectory of the
endpoint is viewed as an important performance variable. In particular, this
assumption was used by Gribble and Ostry (2000) in an elegant model of
movement adaptation to velocity-dependent external force fields based on the
EP-hypothesis. Assume that the CNS organizes feedback on the endpoint posi-
tion and uses this feedback to produce a time profile of an output variable,
which will be used as the input into the next, hierarchically lower control level,
for example the level of individual joints. At each point in time, the CNS speci-
fies threshold values of the endpoint location, and the discrepancy between the
reference endpoint location and its actual location drives the output of that
highest level of the hierarchy. These signals serve as the input into the next level
of control, which will drive reference trajectories at a joint level.

Because the system is redundant, a reference trajectory at a higher hierarchi-
cal level does not specify unambiguously all the reference trajectories at a lower
level. Emergence of particular lower-level reference trajectories may be based
on a feedback mechanism (e.g., Todorov and Jordan 2002; Latash et al. 2005) or
on a feedforward mechanism (e.g., Goodman and Latash 2006). Hence, a hierar-
chy of control levels, where each level functions based on the EP control princi-
ple, seems like a plausible control structure leading to motor synergies.

The problem gets a little bit more complicated if one want to incorporate a
possibility of muscle co-contraction without changing limb configuration. Co-
contraction is an important mechanism of motor control, reflected at the single-
joint level by a special command, c-command. Humans can easily co-contract
muscles without changing joint position. Assume that state of the endpoint of a
multi-joint limb may be described with two commands, one defining its equilib-
rium position (R) and the other defining its stability about the equilibrium po-
sition (C) — equivalent to the {r,c} pair of commands introduced within the EP-
hypothesis. An {R, C} pair maps on commands sent to individual joints; the
control of a relatively simple joint with one kinematic degree-of-freedom can be
described with a pair {r,c}. If a large number of joints define state of the end-
point, a multi-{r,c} synergy may be expected to stabilize required values of R
and C. Most human joints, including relatively simple ones (such as the elbow
joint), are crossed by more than two muscles. Hence, to define an {r,c} pair, the
controller has to arrange a set of A values for all the muscles. This is another
typical problem of redundancy, and it makes sense to assume that the controller
arranges a multi-A synergy that stabilizes required values of the {r,c} pair.
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Criticisms of the EP-hypothesis

The EP-hypothesis was introduced in the middle 1960, at the time of active
research and major discoveries in the filed of neurophysiology, in particular of
the spinal cord. Those studies formed the foundation for the dominant view
that the CNS was very complex and could not be understood without a me-
ticulous analysis of all its constituent neural pathways. In contrast, the EP-hy-
pothesis suggested that the neural control of a muscle could be described with
just one variable, . Many decorated researchers brushed it away as something
not worth arguing about, something too simplistic and formal to describe neu-
ral processes within the very-very complex human body. Very few papers were
published by Anatol Feldman and his colleagues over the first 10 years of the
EP-hypothesis, partly because journals in the USSR controlled by the establish-
ment did not accept manuscripts presenting such a non-traditional view on the
control of movements.

After the EP-hypothesis seeped through the Iron Curtain to the West, it at-
tracted attention of several prominent researchers including Emilio Bizzi, Peter
Greene, Scott Kelso, Richard Schmidt, and Michael Turvey (Kelso and Holt
1980; Kelso et al. 1980; Schmidt and McGown 1980; Bizzi et al. 1982; Greene
1982;). However, many others viewed this hypothesis with suspicion. Its origi-
nal formulation created an impression of a mass-spring model that seemed to
have limited applicability, maybe only to postural tasks, very slow movements,
and only to mechanical variables. At that time, the common pattern of criticisms
was as follows: The EP-hypothesis cannot explain a, b, and ¢ based on the fact
that no publications addressed a, b, or c using the framework of the EP-hy-
pothesis (a, b, and c could be EMG patterns, fast movements, motor variability,
multi-joint movements, movement disorders, differences in muscle activation in
isotonic movements and isometric contractions, action of bi-articular muscles,
etc.). The researchers who voiced these criticisms did not realize that the EP-
hypothesis was developed by only one person, Anatol Feldman, with sporadic
help with a handful of colleagues. Only in 1980% and 1990, most of these ques-
tions have been answered showing that the EP-hypothesis can indeed handle
those phenomena (reviewed in Latash 1993).

Additional confusion has been added by the formulation of the alpha-model
based on a series of now classical experiments on deafferented monkeys dem-
onstrating the existence of an equilibrium trajectory (Polit and Bizzi 1978, 1979;
Bizzi et al. 1982). The deafferentation made sure that the monkeys could not
sense perturbations and, therefore, they did not react to them — an important
condition if one wants to reconstruct torque-angle joint characteristics. How-
ever, the deafferentation also eliminated the tonic stretch reflex, which is a cru-
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cial element within Feldman’s EP-hypothesis. The monkeys learned how to
move in the absence of the tonic stretch reflex; however, they were likely to use
a different mode of control, adequate for the new state of their spinal cord. The
only mechanism available to the deafferented monkeys was direct activation of
alpha-motoneuronal pools leading to muscle activation patterns that were in-
dependent of muscle length (unlike the intact system). The limbs still behaved
in an EP fashion due to the visco-elastic properties of the muscles given their
activation levels, which allowed the estimation of equilibrium states and tra-
jectories. Note, however, that the hypothetical control variable changed from A
(as in the original Feldman’s formulation, sometimes addressed as the A-model)
to a (level of activation of the alpha-motoneuronal pool). This confusion is still
present in some of the publications (e.g., Shadmehr and Wise 2005).

More recently, it has become fashionable to disprove the EP-hypothesis.
Such claims have been abundant. A typical scheme is as follows: A simplified
version of the hypothesis is accepted, predictions are made, they are falsified in
experiments, and a conclusion is drawn that the hypothesis is wrong. In fact,
only the simplified version is proven to be wrong. More precisely, the simpli-
fied version is shown to have a limited range of applicability, while the experi-
ment went beyond that range. Claims of disproving of the EP-hypothesis have
been based on such findings as violations of equifinality (Lackner and DiZio
1994; Hinder and Milner 2003), insufficient joint stiffness (Popescu et al. 2003),
complex patterns of equilibrium trajectories (Gomi and Kawato 1996), and all of
the above together (Gottlieb 1998). Indeed, most of these results are interpret-
able within the framework of the EP-hypothesis (Feldman and Latash 2005). For
example, equifinality (getting to the same final position when a transient per-
turbation is applied) is expected from the EP control only under transient load
changes, which are not accompanied by changes in the control variables and in
any of the steps involved in the transformation of electrical signals to muscles
into forces. Most studies of joint stiffness used questionable methods and mod-
els (for a detailed review see Latash and Zatsiorsky 1993).

A special species of criticisms is that the EP-hypothesis is not disprovable.
As it has already been mentioned, the EP-hypothesis is complex; it is not a sin-
gle statement. For example, the physical principle of control of mechanical sys-
tems with position dependent actuators (muscles) is indeed non-disprovable.
The physiological implementation of this principle in the human body is very
much disprovable. In fact, about 15 years ago, a group of researchers in the
Laboratory of Gerry Gottlieb made predictions with respect to a particular ex-
periment. These predictions were put on paper and signed by the participants.
Then, one of the researchers went back to his native Yugoslavia (it still existed
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in those ancient times!) and performed the study. The EP-hypothesis made
more accurate predictions than the dual-strategy hypothesis based on central
control of the total presynaptic input into alpha-motoneurnal pools, the so-
called “excitation pulse” (Jaric et al. 1994; also see Ilic et al. 1996).

So, are there alternatives to the EP-hypothesis? No and yes. No in a sense
that the physical principle underlying the EP-hypothesis leaves no room for
alternatives. Yes in a sense that the physiological mechanisms implementing
this physical principle are unknown and the current views on those mecha-
nisms may be wrong.

Challenges Facing the EP-hypothesis

Progress of scientific hypotheses depends crucially on development of new
experimental approaches. Currently, the EP-hypothesis is in an urgent need of
experimental tools that would allow to measure (reconstruct) the hypothetical
control signals, A(t) or {r(t),c(t)}. A number of earlier attempts to reconstruct
equilibrium trajectories (Latash and Gottlieb 1991; Latash 1992, Gomi and Ka-
wato 1996) have been rightfully criticized for using inadequately crude models
of the peripheral neuromotor system (Gribble et al. 1998). However, no new
methods have been developed over the recent years. As a result, the controver-
sial N-shaped equilibrium trajectories do not have a reliably recorded alterna-
tive. Until we get good “lambda-meters”, the experimental foundation of the
EP-hypothesis will remain limited to specific conditions (such as steady-states),
for which having a reliable dynamic model of the moving system is not crucial.

As far as theoretical developments of the EP-hypothesis are concerned, it of-
fers a uniquely attractive framework to unite issues of control and coordination
for multi-element systems (as briefly described in the previous section). Studies
of the multi-level hierarchies involved in the production of natural movements
and analysis of across-levels interactions are new exciting directions of research
offered by the cross fertilization of the EP-hypothesis and the recent develop-
ments of the notion of motor synergies. In particular, the framework of the un-
controlled manifold hypothesis (UCM hypothesis; Scholz and Schoéner 1999;
reviewed in Latash et al. 2007) has been until now used to analyze potential
synergies in spaces of kinetic, kinematic, and electromyographic variables. Ex-
tending this method to control variables such as As or {r,c} pairs would be a
major step forward towards understanding the nature of synergies.

From its very conception, the EP-hypothesis has always been deeply
grounded in neurophysiology. However, the number of neurophysiological
studies testing the origins of the control signals and mechanisms of their trans-
formation into mechanical variables has been limited. The idea of Feldman that
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A may be associated with subthreshold depolarization of alpha-motoneuronal
pools (e.g., Feldman 1986) is the only neurophysiological mechanism offered so
far to mediate the principle of EP control, a mechanism that has only limited
experimental support.

The EP hypothesis can also be applied to analysis of motor disorders and ef-
fects of motor rehabilitation. Such studies are few, however. They involve mod-
eling of movements with dystonia within the EP-hypothesis framework (Latash
and Gutman 1994) and a hypothesis on the origins of spasticity that views it as
a disorder of control over shifts of the muscle force-length characteristics (Levin
and Feldman 1994; Jobin and Levin 2000). As in other areas, the slow progress is
to a large degree due to the lack of reliable methods of measuring the hypo-
thetical control variables such as {r,c}.

I would like to end this review on an optimistic note. The EP-hypothesis is
now viewed by most researchers in the area of motor control as a leading hy-
pothesis in the field. Despite the relatively small number of researchers who
have been actively developing the EP-hypothesis, its progress has been very
impressive. It has been shown to offer a productive framework for analysis of a
variety of phenomena (including motor variability, motor learning, and motor
disorders) in a variety of spaces (kinetic, kinematic, and electromyographic).
There are many unanswered exciting questions, and all are invited to join the
quest for understanding the neural control of movements using the only hy-
pothesis that makes intuitive sense and has deep foundations in both physics
and physiology.
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