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SUMMARY

The recent developments of a particular
approach to analyzing motor synergies based
on the principle of motor abundance has
allowed a quantitative assessment of multi-
effector coordination in motor tasks involving
anticipatory adjustments to self-triggered post-
ural perturbations and in voluntary postural
sway. This approach, the uncontrolled manifold
(UCM) hypothesis, is based on an assumption
that the central nervous system organizes
covariation of elemental variables to stabilize
important performance variables in a task-
specific manner. In particular, this approach
has been used to demonstrate and to assess the
emergence of synergies and their modification
with motor practice in typical persons and
persons with Down syndrome. The framework
of the UCM hypothesis allows the formulation
of testable hypotheses with respect to
developing postural synergies in typically and
atypically developing persons.
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INTRODUCTION

Bipedal vertical posture is inherently unstable
because of the anatomy of the human body, which
can be viewed as an inverted pendulum with a
rather high center of mass standing on a rather
small support. Several factors can be viewed as
complicating the task of maintaining vertical
posture. First, there are several joints along the
axis of the body. Apparently, muscle action at the
joints has to be coordinated to keep the projection
of the center of mass within the area of support.
Second, there are frequent changes in external
conditions, mechanical and sensory, that may be
seen as perturbations for the posture. Apparently,
muscles have to be able to correct mechanical
effects of such perturbations to avoid losing
balance. Third, voluntary motor actions by standing
persons by themselves can be sources of postural
perturbations as well, due to the action of inertial
and coupling forces and to changes in the relative
position of body segments leading to changes in
the location of the center of mass of the body.

Postural studies have typically addressed these
three components of the task of standing (or
sitting, or maintaining any other posture) as
reflected in the following three phenomena,
postural sway (reviewed in Winter et al., 1996),
short-latency postural responses (reviewed in
Nashner et al., 1989), and anticipatory postural
adjustments (APAs, reviewed in Massion, 1992).
Studies of postural development have also
addressed these three phenomena. In particular,
children show increased postural sway (Woollacott
& Burtner, 1996. Van der Fits et al., 1999)—the
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emergence of short-latency postural adjustments—
several months after acquiring the ability to stand
upright (Haas et al. 1986. Woollacott et al., 1998.
Wollacott & Assaiante, 2002), with an even longer
delay before typical APAs emerge (van der Fits et
al., 1999. van der Heide et al., 2003). Many of
these studies invoked the notion of postural
synergies. yet, typically, this notion is used rather
loosely, without a clear operational definition that
would allow, for example, quantifying “strength”
of a synergy and, in particular to distinguish a
synergy from a “non-synergy”. The main purpose
of this paper is to review a certain approach to
motor synergies that allows their quantification
and can be used, in particular, to track changes in
postural synergies with typical and atypical
development. We would like to start, however,
with a brief historical introduction.

ELEMENTS OF HISTORY

No agreement has been reached on what a
postural synergy is. Moreover, no agreement has
been reached on what any synergy is. The word
itself means “work together”, but this definition is
obviously too general to be used in quantitative
research. Many studies have implied under this
word patterns of kinematic, kinetic, or electromyo-
graphic (EMG) variables that are reproduced or
scaled in parallel over the time course of an action
or across repetitive trials. For example, in a recent
paper, D’Avilla and co-authors (2003) defined
muscle synergies as coherent activations, in space
or time, of a group of muscles.

This understanding of motor synergies can be
traced back to the great neurologists of the end of
the 19" century, Hughlings Jackson (1889) and
Babinski (1899). Nevertheless, for most contem-
porary scientists, the notion of synergy is associated
with the name of Bernstein, who introduced a
multi-level theory of control of movements, in
which one level was termed the level of synergies

(Bernstein, 1947, 1967). At this level, coordinated
actions by sets of effectors were supposed to
emerge. Most contemporary studies use the word
“synergy” in a Bernsteinian sense.

With respect to postural synergies, examples
from recent studies include the ankle and the hip
strategies (Horak & Nashner, 1986), a multi-link
strategy and muscle amplitude synergies (Allum et
al.,, 1989. Allum & Honneger, 1993), the ankle,
knee, and hip eigenmovements (Alexandrov et al.,
1998), axial synergies (Crenna et al., 1987), and
reciprocal and co-contraction strategies (Slijper &
Latash, 2000). All these examples are based on a
common assumption that a regularity in the
behavior of a set of elements is a sufficient sign to
claim an existence of a synergy. We would like to
suggest, however, an alternative approach to
quantitative analysis of synergies that follows the
traditions of Gelfand and Tsetlin (1966).

THE PROBLEM OF MOTOR REDUNDANCY
AND THE PRINCIPLE OF ABUNDANCE

The notion of synergy is closely linked to the
problem of motor redundancy: How does the
central nervous system make choices from a
seemingly infinite number of possibilities typical
of most everyday motor tasks and all levels of
analysis of movement production? For example,
imagine a pointing task that requires a certain
trajectory of a finger tip. How to select a
combination of joint angles to produce the
required trajectory? How to select muscle forces
that would implement the joint rotations? How to
select patterns of firing of individual motor units
that would produce required muscle forces? And
so on. All these problems are characterized by a
common feature: They involve fewer constraints
than elements (Turvey, 1990. Latash, 1996).
Bernstein (1947) viewed synergies as patterns of
joint rotations, muscle activation patterns, etc. that
are learned with practice and used to find
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particular solutions for the problems of motor
redundancy. According to his commonly cited
formulation, synergies help eliminate redundant
degrees-of-freedom.

This predominant opinion has been challenged
only recently with an alternative view expressed as
a principle of abundance (Gelfand & Latash, 1998,
2002; see also Gelfand & Tsetlin, 1966).
According to this opinion, degrees-of-freedom are
never eliminated but always used to minimize
errors in functionally important performance
variables. The controller organizes all the elements
such that they compensate for each others
spontaneous errors as well as for potential errors
that may result from unpredictable forces acting
from the environment. In some studies, this aspect
of the functioning of synergies has been addressed
as “error compensation” (Latash et al., 1998).

According to the principle of abundance,
synergies may be defined as co-varying changes in
the outputs of individual elements of a muiti-
element system (addressed further as elemental
variables, EVs) that stabilize a value or a time
profile of an important performance variable
produced by the system. As shown in the next
subsection, this definition makes it possible to
quantify synergies with respect to the stabilization
of different performance variables. In other words,
it allows asking a multi-element system a question:
Are you a synergy with respect to this particular
performance variable?

GOOD AND BAD VARIABILITY AND THE
UNCONTROLLED MANIFOLD HYPOTHESIS

Variability is present in all natural motor
actions. Recently, the attitude toward motor
variability has shown a shift from considering it as
a sign of imperfection of the neuromotor system, a
“noise”, to viewing it as an important component
of the functioning of the apparatus for the
production of movements (reviewed in Newell &

Corcos, 1996). In multi-element systems, motor
variability can be analyzed at the level of EVs and
at the level of important performance variables.
For example, during force production tasks by a
single element, e.g., a digit or a joint, variability in
the force output quantified as force standard
deviation increases nearly linearly with the total
level of force (Newell et al., 1984). However,
when more than one element contributes to the
total force output, for example when several digits
press in parallel to produce a certain level of the
total force, this relation breaks down, and total
force variability shows a minimal dependence on
the force level (Latash et al., 2001. Shinohara et
al., 2003). This observation suggests that
variations in the force outputs of individual digits
are not independent, but rather co-vary to keep the
total force variability from increasing with an
increase in the total force.

Figure 1 illustrates how this variability can
happen for a task of a constant total force
production by two fingers pressing in parallel. The
ellipses in the figure show the hypothetical
distributions of data points over a set of trials at
producing the total force of S N, 10 N, and 20 N.
Note that the range of forces produced by each
finger increases with the total force (cf. Newell &
Carlton, 1988). However, this variability has two
components. One is aligned along lines
Fi+Fy=Frarcer; this variability does not affect the
total force. The other component is orthogonal to
these lines and leads to changes in the total force.
In other words, the former variability is ‘good’ in a
sense that it keeps the important performance
variable, the total force, at a desired level. The
latter variability is ‘bad’ in a sense that it leads to
changes in the total force. Note that an increase in
the total force leads to changes primarily in the
‘good’ variability, thus keeping the variability of
the total force virtually unchanged. Note that the
terms ‘good’ and ‘bad’ relate to the effects of
variability in the space of elements on the
variability of a particular performance variable.
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Fig. 1: Hypothetical distribution of data points across many trials when the person is asked to produce a certain level of
the total force by pressing on'force sensors with two effectors. The three dashed lines correspond to the total
forces of 5N, 10 N, and 20 N. They represent uncontrolled manifolds (UCMs) for these total force levels. The
natural variability of the forces of the effectors (F, and F,) increases with the total force. However, this is
accompanied by no changes in the variance of the total force (Vorr Oor Vpap) with an increase in variance that

does not affect total force (Vycm or Vgoop)-

During any action, variability at a particular
level of description of the neuromotor system can
be represented as a combination of ‘good’ and
‘bad” components with respect to different
performance variables.

The illustration in Fig. 1, which is a rather
accurate reflection of findings in experiments with
multi-finger force production (Latash et al., 2001,
2003b), suggests that the controller organizes
covariation of the EVs in such a way that their
variability is primarily restricted to a sub-space in
the space of EVs. This sub-space has been termed
an “uncontrolled manifold”, UCM.

Correspondingly, a UCM hypothesis suggests
that a controller organizes outputs of elements
within a multi-element system in such a way that
EVs are mostly restricted to the UCM (Schoner,
1995). This organization does not eliminate any

degrees-of-freedom but rather uses them to limit
the amount of ‘bad’ variability with respect to
important performance variables or several
performance variables.

ANALYSIS WITHIN THE UCM HYPOTHESIS

The UCM hypothesis can be applied to the
analysis of various motor actions using different
sets of EVs. Such analysis involves several
important steps.

First, obviously a task and a level of analysis
have to be selected. The UCM hypothesis has been
used to analyze a variety of tasks including multi-
joint pointing, multi-finger force production,
standing, etc. (reviewed in Latash et al., 2002a,
2003b). The analyses were performed using kinetic
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kinematic, and electromyographic (EMG) variables.
However, recording the output variables of
apparent elements involved in a task does not
mean, by itself, that these may be viewed as EVs.
EVs should be at least hypothetically independent
from each other in the absence of task-specific
control. This may not be true for at least some of
the mentioned output variables.

Second, a set of EVs has to be defined. During
kinematic analysis, EVs have been commonly
associated with rotations in individual joints. This
is a non-trivial assumption because of the joint
coupling, in particular by bi- and multi-articular
muscles. During the analysis of finger forces, the
phenomenbn of force production by explicitly non-
involved fingers (enslaving, Zatsiorsky et al., 1998,
2000) does not allow viewing individual - finger
forces as EVs. Hence, a different set of variables
termed force modes has been introduced (Latash et
al., 2001. Danion et al., 2003) and used for analysis
within the UCM hypothesis. Since Hughlings
Jackson (1889), researchers did not believe that
individual muscles are controlled independently by
the brain. Hence, UCM analysis of EMG variables
had to start with defining the appropriate EVs
(muscle modes, Krishnamoorthy et al., 2003a).
Muscle modes introduced in the mentioned studies
corresponded to parallel scaling of the activity of
sets of muscles.

Third, a control hypothesis has to be
formulated, i.e. a hypothesis on a performance
variable that is supposedly stabilized by co-varied
changes of EVs. Setting a motor task implies a
particular performance variable—for example, asking
a person to produce a time profile of the total force
by a set of effectors implies the stabilization of the
total force. However, this step is also non-trivial: In
several studies, subjects have been shown to
stabilize not the variable explicitly emphasized in
the task formulation and reflected in the provided
visual feedback but another performance variable
(Scholz et al., 2002. Latash et al., 2002¢).

On the other hand, several variables can be

stabilized to different degrees at the same time if
the number of EVs is large enough (Latash et al.,
2001. Kang et al, 2004). Motor tasks are
sometimes ambiguous with respect to variables
that have to be stabilized (controlled). For
example, the task of quiet standing can be viewed
as associated with the stabilization of the location
of the center of mass or the location of the
resultant force acting on the body (center of
pressure, COP) or visual perception. One of the
strengths of the UCM hypothesis is that it allows
testing different control hypotheses based on the
same data set and producing quantitative indices of
stabilization of different performance variables.

Fourth, a Jacobian matrix (J) of the system has
to be computed, i.e. a matrix that reflects effect of
small changes in EVs on changes in a selected
performance variable. In some cases, J can be
explicitly computed, for example in kinematic
studies of multi-joint pointing (Scholz & Schoner,
1999. Scholz et al., 2000. Domkin et al., 2003). In
other cases, J has to be discovered using
experimental techniques (Latash et al, 2001.
Krishnamoorthy et al., 2003a,b).

Fifth, the null-space of the J matrix has to be
computed corresponding to a particular value of
the selected performance variable. Commonly, an
average value of the performance variable,
computed across trials, has been used at this step.
The null-space is the UCM for this performance
variable. It represents a linear estimate of the sub-
space in the space of elemental variables con-
taining all possible combinations of EVs that lead
to the same value of the performance variable.

Sixth, finally, an index of variability
(commonly, the variance) in the EV space across
trials or, in some special cases, along a trial
(Scholz et al., 2003) has to be quantified within the
UCM and in a sub-space orthogonal to the UCM
per dimerision within each of these two sub-spaces.
If the variance within the UCM (Vycu) is greater
than the variance orthogonal to the UCM (Vory),
then a conclusion can be drawn that this particular
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performance variable is indeed stabilized by a
covariation of EVs, i.e. there is an appropriate
synergy. Different indices, including the ratio
Vucem/Vort and the normalized difference between
Vuem and Vogrt, have been used to quantify such
synergies.

POSTURAL SYNERGIES
In a recent series of studies, the described

approach was used to analyze multi-muscle
synergies involved in stabilizing vertical posture.

The studies involve an experimental identification
of EVs (muscle modes or M-modes) based on
indices of changes in the background EMG activity
in anticipation of a self-triggered postural
perturbation and at the initiation of a voluntary
whole-body sway (Krishnamoorthy et al., 2003a,b.
2004). Principal component analysis over repetitions
of these tasks was used to identify stable muscle
grouping within each subject. Note that we view
such stable muscle groupings not as synergies (cf.
Bizzi et al., 2002. Tresch et al., 1999) but rather as
sets of EVs that can be manipulated by the
controller to form task-specific synergies (Fig. 2).

M1-mode M2-mode M3-mode

1
: Postural Muscles
E TA GL GM SOL VL VM RF BF ST RA ES

A COP

Fig.2: An illustration of controlling shifis of the center of pressure (ACOP) with a set of muscle modes (M-modes).
Each M-mode leads to parallel changes in the activity of a subset of postural muscles. The controller selects the
magnitudes of the modes (reflected in coefficients k).
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Further, multiple regression analysis was used
to compute a J matrix relating small changes in
magnitudes of M-modes to shifts of the COP,
Hence, these studies assumed that COP location is
an important performance variable that can be
stabilized by co-varied changes in the magnitudes
of the M-modes (see Winter et al., 1996). The
experiments have shown, in particular, that the
same set of three M-modes could be used to form
two different synergies that stabilized COP shifts
forward and backwards.

Another recent study has provided evidence
for error compensation among the joint oscillations
that stabilize the horizontal position of the center
of mass when standing quietly on a narrow base of
support (Krishnamoorthy et al., 2005). A signifi-
cant increase in overall joint variance was seen
when subjects were asked to close their eyes. Most
of this variance increase could be considered to

reflect the error compensation feature of the
postural synergy being channeled into the UCM.
That is, when comparing the no-vision to the
vision condition, only the variance component
within the UCM (Vycum) increased significantly,
whereas Vorr Was not changed significantly.

Changes in synergies with practice

The UCM hypothesis and associated method
of analysis allow quantifying changes in multi-
element synergies with practice. Several studies
quantified changes in synergy indices with practice
of such various tasks as two-arm pointing, multi-
finger force production, and Frisbee throwing
(Domkin et al., 2003. Latash et al., 2003. Kang et
al., 2004. Yang and Scholz, 2005). Taken together,
the studies suggest two stages in the emergence
and modification of synergies with practice (Fig. 3).

» -
» »

F, 10 F,

Fig. 3: An illustration of two stages of effects of practice on motor synergies. The ellipses illustrate data distributions for a
set of trials to reach a certain summed output of two effectors (F,+F,=20). The slanted lines correspond to the
UCM for this task (see Fig. 1). During the first stage (from panel A to panel B), there is a decrease in the amount of
variance that affects an important performance variable (orthogonal to the UCM, Vogyr) without a comparable
decrease in the amount of variance that does not (parallel to the UCM, Vycy). During the second stage (from panel
B to panel C), the situation reverses: There is a drop in Vycy without a comparable drop in Vorr.
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At the first stage, motor synergies emerge and
become stronger in a sense that the “bad” com-
ponent (Vorr) of the total variance drops at a faster
rate such that the relative amount of “good”
variance (Vycum) increases with practice (compare
panels A and B in Fig. 3. Latash et al., 2003a.
Kang et al., 2004).

During the second stage, the situation reverses:
Vucem shows a quicker decrease (compare panels B
and C in Fig. 3. Domkin et al., 2002. Latash et al.,
2003), which looks counter-intuitive because this
variance component does not affect important
performance variables. Several interpretations
have been suggested to account for the unexpected
change in the two variance components during the
second stage of practice effects. In particular,
Domkin et al. (2002) suggested that the counter-
intuitive decrease in Vycy could be related to the
formation of the more stereotypical families of
trajectories that assure smooth transitions between
successive UCMs. Alternatively, these effects
could be related to an optimization of the
performance with respect to factors other than the
explicit performance variable, for example to
minimization of the effects of transcranial
magnetic stimulation as in the study of Latash and
co-authors (2003).

Atypical synergies in Down syndrome

In one study (Scholz et al., 2003), the frame-
work of the UCM hypothesis was applied to the
analysis of the multi-finger production of an
accurate slow ramp profile of the total force while
persons with Down syndrome (DS), aged 14 to 42,
pressed on force sensors with all four fingers of
the dominant hand (Latash et al., 2002b). Prior to
practice, persons with DS showed predominantly
positive covariation among individual finger
forces (and modes) that destabilized the total
force. Such patterns can be seen in typical persons
only during the first few hundred of ms after the

trial initiation and are quickly replaced by more
adequate, negative finger force covariation (Shim
et al., 2003). Persons with DS showed such
patterns over the whole time of the ramp force
production. The patterns of finger force covariation
stabilized the total pronation/supination moment
produced by all the fingers of persons with DS.

After two days of practice, persons with DS
showed improved covariation of force modes to
individual fingers, which stabilized the total force
profile without a concomitant deterioration in the
moment stabilization. This result carries two
optimistic messages. First, persons with DS have
ample room for improvement of multi-finger (and
possibly other multi-element) synergies. Second,
the UCM method is sensitive to changes in motor
synergies that happen over a relatively short time,
a few days.

The effects of practice on motor performance
in multi-element, redundant systems have been
traditionally viewed as a staged process that
involves freezing and releasing degrees-of-freedom
{Bernstein, 1967. Vereijken et al., 1992). The
UCM-approach views the process of motor
learning as leading to adjustments in an interaction
of neural signals sent to all effectors. These
adjustments are not expected to lead to involve-
ment of new control variables into or purging
some of the pre-existent control variables out of
the interaction. The principal of motor abundance
(Gelfand and Latash 1998) suggests that the excess
degrees-of-freedom available to the motor system
constitutes a ‘blessing’ rather than a ‘curse’, and
greater exploitation of the available motor
abundance should result in improved performance.
The fact that persons with DS were able to explore
and improve finger interaction over a relatively
brief training period, and that the UCM analysis
was able to reveal these changes suggest that this
analysis will likely be sensitive to changes in
postural synergies that occur during natural
development as well as to changes that occur with
practice.
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IMPLICATIONS FOR POSTURAL
DEVELOPMENT

As no developmental study has been performed
using the described approach to motor synergies,
one can only speculate about possible changes that
happen with postural synergies during typical and
atypical development. We apologize for the inability
to offer approaches that could distinguish between
such important factors as genetics, maturation, and
learning. Our attempts to apply the UCM approach
to motor actions by atypically developing persons
(Scholz et al., 2003) produced promising results
and suggested that the approach can be used for
studies of both typical and atypical development.

According to one of the dominant views, motor
development proceeds as a continuous dialogue
between the nervous system, the body, and the
environment (Thelen & Spencer, 1998). This view
leads one to expect significant effects of naturally
occurring exploratory actions by infants, as well as
of specialized practice on the process of motor
development, including the development of postural

mechanisms. In particular, training has been shown:

to increase the probability of activation of
functionally appropriate muscles (Sveistrup ‘&
Woollacott, 1997). The importance of training has
been emphasized in studies of both typically and
atypically developing children, including those
with Developmental Coordination Disorder (DCD)
and with Down syndrome (Ulrich et al., 2001.
Johnston et al., 2002, Adolph et al., 2003). Several
components of postural multi-muscle synergies
can be considered as separate potential sources of
developmental changes.

First, the composition of stable muscle groupings
(M-modes) used as EVs can be elaborated,
changed, and become more stable across tasks and
conditions. It has been shown that with increasing
age, the variation in muscle activation patterns
decreases (Hadders-Algra et al., 1996, 1997). This
apparently more stereotypical pattern might reflect
the emergence of stable M-modes. Studies of

Woollacott and colleagues (Sveistrup & Woollacott,
1996. Woollacott & Burtner, 1996) have shown a
progression of postural responses elicited by
platform perturbations during stance from activity
in single or paired muscles. This progression
typically starts in the ankle muscles, followed by
the activation of larger postural muscle groups
involving muscles crossing the more proximal joints
in what the authors call “functional synergies”. We
would call these muscle modes. With respect to the
control of sitting posture, qualitatively similar
observations have been reported on the emergence
and preferred use of the paraspinal-hamstring and
paraspinal-quadriceps “synergies” (Harbourne et
al., 1993).

Second, central mechanisms of M-mode co-
variation can emerge and be refined based on
typical postural tasks as well as on the individual
anatomy. Note that the relatively quick anatomical
changes that occur in infants and toddlers can
require continuous adjustments of both M-modes
and their covariation to ensure stable postural
control. In particular, postural adjustments have
been shown to change with age, suggesting the
development of control mechanisms reflecting the
changing intersegmental mechanics (Haas et al.,
1986). Apparently, the processes of creation of
M-mode synergies can differ, depending on the
complexity of the task. For example, an ability to
adapt postural responses to external conditions
emerges prior to the age of 1 year (Woollacott et
al., 1998), whereas an ability to react efficiently to
perturbations applied during gait initiation
emerges only by 4 to 5 years (Wollacott &
Assaiante, 2002).

Third, postural synergies have to be triggered
either by external signals, ie. by postural
perturbations, or internally, i.e. as in anticipatory
postural adjustments (APAs) in preparation for an
action that has destabilizing effects on the posture.
APAs, which are generated prior to the prime
mover activation, produce forces and torques
acting against those expected from the planned
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action (reviewed in Massion, 1992). Apparent
developmental changes in postural synergies might
reflect the development of methods of triggering
postural synergies. These changes can form, in
particular, the basis for two transitions in postural
development, described at 6 to 8 and at 12 to 15
months, the latter corresponding to the emergence
of APAs (Van der Fits et al, 1999). Note,
however, that later studies have suggested a much
later emergence of APAs, by 2 to 11 years of age
(van der Heide et al., 2003).

We think that the framework of the UCM
hypothesis and its associated toolbox are
potentially powerful methods for the analysis of
changes in motor synergies induced by practice,
natural aging, neurological disorder, atypical
development, and typical development. In
particular, these methods allow considering
different potential contributors to the typical
picture of postural development and provide a
basis for their quantitative analysis. An ability to
ask new questions is always a very exciting
opportunity in scientific research.
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