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    Preface    

 The brain is arguably the most fascinating object of scientifi c research. 
Voluntary movements are refl ections of the brain activity and, as such, they 
provide a window into the functioning of this enigmatic organ. Movements 
have an advantage, as compared to such phenomena as memory, emotions, 
and cognition in general, in that they can be relatively easily quantifi ed 
using the methods of classical mechanics. The goal of scientists in the fi eld 
of motor control is to understand how the central nervous system interacts 
with the rest of the body and the environment so as to produce coordinated 
and purposeful movements. Under the word “understand,” we mean to 
come up with a formal description operating with exactly defi ned variables 
that make physical and physiological sense. Researchers in motor control try 
to move toward achieving this goal using a variety of tools and approaches 
from different disciplines, such as neurophysiology, psychology, biome-
chanics, computational modeling, and, last but not least, physics. There are 
applied aspects to motor control that include, in particular, movement 
disorders, motor rehabilitation, and robotics. In contrast to many other 
valuable books that have focused on a specifi c aspect of movement studies, 
this book is an attempt to account for the diversity of the research  performed 
in the fi eld of motor control. 

 Over the past 20 years, motor control has become a recognized area of 
research. Over this time, many important developments have happened, 
including the emergence of an International Society of Motor Control, a 
journal “Motor Control,” a series of biennial conferences “Progress in 
Motor Control,” and the Annual Motor Control Summer School. The rapid 
development of this area also led to the publication of several books 
 summarizing the recent progress and frequently emphasizing a particular 
direction of motor control research. This book,  Motor Control,  presents a 
comprehensive update on our current understanding. To achieve this goal, 
we invited leading scientists from various countries and with different 
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backgrounds to present their current research and opinions on motor con-
trol. Last, but not least, another major goal of this project is to promote 
discussions and interactions across researchers from different subfi elds of 
motor control. We sincerely hope that this book will contribute to the 
integration of the fast expanding body of knowledge accumulated in the 
thriving fi eld of motor control. 

 This book is designed primarily as a reference volume for researchers in 
the growing fi eld of motor control. We hope that the book will be appreci-
ated by our colleagues in a broad range of disciplines, from mechanics and 
engineering to psychology and neurophysiology. We also hope that the 
book will be useful for clinicians working in the areas of motor disorders 
and rehabilitation. The book can also be used as supplementary reading 
material for graduate students interested in the control of voluntary move-
ments, movement disorders, robotics, and motor rehabilitation. Finally, 
although the book can be read one section after another, cross-referencing 
across chapters offers many alternative routes to navigate this exciting 
fi eld. 

 Our thanks in producing this book go to all the contributing authors 
who managed to provide their chapters within the limited time frame and 
trusted in our ability to organize this project. We also wish to acknowledge 
the support of Oxford University Press in this project, especially of Craig 
Panner and David D’Addona for their work at different stages of this 
 project. And last, we would like to thank the International Society of Motor 
Control for facilitating the exchange of ideas in the fi eld of motor control. 

 Frédéric Danion 
 Mark Latash 
 Marseille, April 2010   



    Introduction    

 This volume is organized into six parts covering various aspects of motor 
control including theory, methodology, neurophysiology, biomechanics, 
motor learning, motor disorders, and robotics. The fi rst part, Motor Control: 
Control of a Complex System, covers different theoretical and methodo-
logical approaches to motor control. The opening Chapter 1 by Latash 
reviews two infl uential hypotheses in the fi eld, the referent confi guration 
hypothesis (which represents a development of the equilibrium-point 
hypothesis) and a hypothesis on synergic control of movement that uses 
the computational apparatus developed within the uncontrolled manifold 
hypothesis. Latash suggests that a control hierarchy based on referent con-
fi gurations at the whole-body, joint, and muscle levels may use synergic 
mechanisms stabilizing shifts of the task-related referent confi guration 
expressed in salient for the motor task variables. He then describes a rela-
tively novel phenomenon of anticipatory synergy adjustments and inter-
prets it within the  introduced framework. 

 The next chapter (Chapter 2), by Flanagan and Johansson, discusses 
how predictions infl uence not only our actions, but also our perceptual 
judgments. As an example, the authors focus on lifting tasks in which pre-
dictions about object mechanical properties, such as weight, play a critical 
role for both action and perception. Specifi cally, the chapter further 
addresses the relation between representations of objects employed by the 
action system and representations of the same objects used by the percep-
tual system to make judgments about object properties. Altogether, it is 
suggested that the brain maintains two distinct representations involved 
in predicting object properties: a slowly adapting one that supports percep-
tion and a rapidly adapting one that supports manipulatory actions. 

 Chapter 3, by Frank, Dotov, and Turvey, analyzes systems comprising 
agent, task, and environment as self-organizing open systems. They intro-
duce an approach originating from physics that describes such systems as 
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so-called canonical-dissipative oscillators. Such systems can be used to 
investigate the extent to which variables describing the agent, the task, and 
the environmental conditions affect control and coordination of movement. 
The authors apply the canonical-dissipative approach to study the emer-
gence of oscillatory Parkinson’s tremor, as well as to coordination in the 
context of paced and self-paced rhythmic limb movements. 

 Chapter 4, by Dodel et al. (a group headed by Jirsa), addresses issues 
of team performance as an extension of individual performance. The chap-
ter examines the temporal nature of team behavior in a task in which four-
member teams of various levels mimic an urban combat operation. The 
authors introduce a method based on the uncontrolled manifold approach 
that aims to identify crucial elements of team behavior in an observer- 
independent and time-resolved manner. Specifi cally, team behavior over 
time is represented as evolving manifolds in phase space. The authors sug-
gest that expert team performance is distinguished by a larger degree of 
team coordination and team awareness. 

 The fi nal chapter of the fi rst part (Chapter 5), by Ting and Chvatal, 
examines methodological approaches to identifi cation and quantifi cation 
of multimuscle synergies. The chapter focuses on two methods that have 
been used recently, principal component analysis and non-negative matrix 
factorization. It addresses the implicit assumptions, practical issues, and 
caveats inherent to those methods. Using real data sets from human bal-
ance control and locomotion, the authors examine the robustness of these 
two methods across tasks and their implications for various muscle  synergy 
hypotheses. 

 The second part, Cortical Mechanisms of Motor Control, presents two 
recent series of studies performed on monkeys. In Chapter 6, Riehle, Roux, 
Kilavik, and Grün describe a temporal coding hypothesis suggesting that 
not only changes in fi ring rate but also precise spike timing, especially syn-
chrony, constitute an important part of the representational substrate for 
perception and action. In this framework, the concept of cell assemblies 
uses synchrony as an additional dimension to fi ring rate, as a candidate for 
information processing. Further, the chapter addresses possible mecha-
nisms of performance optimization through practice achieved by boosting 
the computational contribution of spike synchrony while allowing an 
overall reduction in population activity. 

 Chapter 7, by Hatsopoulos, Olmedo, and Takahashi, presents a review 
of recently discovered spontaneous propagations of  β  frequency oscilla-
tions in the local fi eld potential across the surface of the motor cortex along 
a rostral-to-caudal axis. These studies were performed on monkeys per-
forming a variety of visuomotor tasks. The authors suggest a hypothesis 
that these propagating waves of local fi eld potentials may promote 
 proximal-to-distal recruitment of motor cortical neurons and therefore 
contribute to proximal-to-distal coordination as observed in multijoint 
movements such as throwing or jumping. 
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 In the third part, three chapters refl ect on Lessons from Biomechanics for 
motor control. In Chapter 8, Herzog analyzes the famous problem of motor 
redundancy at the level of multiple muscles crossing individual joints. He 
presents two of the classic ways in which biomechanics investigates move-
ment control in redundant musculoskeletal systems. The fi rst method is 
based on direct muscle force measurements in voluntary movements of 
animals, whereas the second method focuses on theoretical optimization 
approaches. The reviewed studies demonstrate that the mechanics of 
movements determine to a great extent muscle coordination strategies, and 
that muscle mechanical and physiological properties play a crucial role in 
movement control. 

 Chapter 9, by Prilutsky and Klishko, reviews the data on how quadru-
pedal animals operate their four extremities, select gaits, distribute loads 
between fore- and hindlimbs, divide labor among joints to generate the 
mechanical energy necessary for propulsion, and select specifi c muscles 
around individual joints to meet various task demands (slope, speed, 
required accuracy, and perturbations). The chapter provides new impor-
tant perspectives on the interaction between central and afferent mecha-
nisms in whole-body posture and locomotion control. 

 Duarte, Freitas, and Zatsiorsky, in Chapter 10, review a series of studies 
on the biomechanics of vertical posture. They present evidence suggesting 
that, during standing, humans maintain their posture not about a fi xed 
point but about a position that in turn is also moving. Studies of uncon-
strained prolonged upright standing have shown that humans tend to 
oscillate about a moving reference position. Another example of this com-
plex behavior is the postural sway of elderly adults. Commonly, older 
adults show an increase in postural sway, as compared to younger persons, 
when asked to stand as still as possible for a short period of time. However, 
during prolonged standing, elderly individuals adopt a “freezing” strategy 
refl ecting their reduced ability to shift the body reference position in time. 

 The fourth part, Lessons from Motor Learning and Using Tools, includes 
four chapters. Chapter 11, by Imamizu, presents a review of functional 
magnetic resonance imaging (fMRI) studies of the human cerebellum. This 
chapter uses the language of internal models and describes the data in 
terms of the acquisition process of an internal model for a novel tool, mod-
ular organization of internal models for tools with different input-output 
properties, and switching mechanisms of internal models in the parietal-
cerebellar network. The chapter also reviews studies of brain activity 
related to the imaginary use of common tools (e.g., scissors and a hammer). 
The author discusses how skills acquired in the cerebellum differ from 
those acquired in the frontal-parietal network, which have long been inves-
tigated in neuropsychological studies. 

 In Chapter 12, Sternad and Abe describe a technique to analyze motor 
variability by parsing it into three components termed  Tolerance, Noise,  
and  Covariation . This technique was used to analyze the results of three 
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experiments focusing on the following questions: What aspects of variabil-
ity decrease with practice? And, are actors sensitive to their intrinsic noise 
in selecting strategies? The authors show that changes with practice of the 
three components happen not simultaneously but in a ranked order. First, 
the subjects explore and fi nd new ways of executing the task. This is 
followed by optimizing covariation, and fi nally the noise component expe-
riences an improvement. 

 Frey, in Chapter 13, addressed a remarkable human ability to be able to 
forecast the demands of a wide variety of actions without performing 
movements. The chapter describes recent behavioral and fMRI work that 
focuses on identifying the brain mechanisms involved in prospectively 
selecting grasping actions based on use of the hands or recently mastered 
tool. Despite the complete absence of movements, the author fi nd that the 
parietal and premotor regions implicated in the sensorimotor control of 
grasping also participate in these forecasts. 

 The last chapter in this part, by Avizzano, Ruffaldi, and Bergamasco, 
Chapter 14, addresses the use of virtual environment technology for train-
ing specifi c tasks. The chapter presents an integrated methodology to com-
bine technological environments for training with specifi c pedagogical and 
training elements that are usually kept into account during traditional 
training. 

 The fi fth part, which addresses Lessons from Studies of Aging and 
Motor Disorders, includes three chapters. Chapter 15, by Vaillancourt and 
Prodoehl, reviews models of basal ganglia function relevant to the 
pathophysiology of Parkinson disease that have emerged from studies in 
both nonhuman primates and rodents. It questions the relevance of those 
studies to early-stage Parkinson disease and to nonmotor signs of this dis-
order. Further, the chapter focuses on what is currently known regarding the 
motor and nonmotor features of early-stage patients with Parkinson disease 
who have not yet started any symptomatic treatment. A substantial focus of 
the chapter examines brain imaging studies of de novo Parkinson disease. 

 The chapter by Vasudevan, Torres-Oviedo, and Bastian (Chapter 16) 
reviews the adaptation of walking on a split-belt treadmill, a device that 
allows the researcher to control the speed of each leg independently. The 
authors have found that this learning is disrupted by cerebellar damage, 
but is undisturbed by cerebral damage following a stroke or hemispherec-
tomy. This evidence suggests that the cerebellum, but not the cerebrum, is 
critical for predictive locomotor adjustments and offers the possibility of 
improving the locomotor patterns of people with cerebral damage through 
adaptive processes. The authors describe how, by using the split-belt 
treadmill to exaggerate a gait asymmetry, hemiparesis due to stroke or 
hemispherectomy can be corrected. 

 Swinnen, Heuninckx, Van Impe, Goble, Coxon, and Wenderoth, in 
Chapter 17, address the involvement of different brain regions into coordi-
nation of the ipsilateral hand and foot in elderly persons. The increased 
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activation in brain regions involved in motor coordination, sensory 
processing/integration, visual imagery strategies, and cognitive monitor-
ing points to a shift from automatic to controlled processing of movement 
in aging adults. Evidence suggests that the increased activation in some 
(but not all) brain areas is correlated with better performance. This sug-
gests that altered brain function in the elderly can be “compensatory” in 
nature, possibly refl ecting neuroplastic changes. 

 The last, sixth part of the volume reviews Lessons from Robotics and 
includes three chapters. Chapter 18 by Knuesel, Cabelguen, and Ijspeert 
reviews mathematical models and salamander-like robots that have been 
used to test hypotheses concerning the organization of the central pattern 
generators in the spinal cord and the mechanism of gait transition. These 
models and robots have been inspired by observations of the transitions 
between walking and swimming in salamanders. The fi ndings reported in 
the chapter suggest that the ability of salamanders to switch between swim-
ming and walking can be explained by a spinal cord circuit that is based on 
a primitive neural circuit for swimming. 

 Chapter 19, by Franceschini, Ruffi er, and Serres, reviews studies on 
insects and insect-like fl ying robots. The authors present the concept of the 
optic fl ow regulator, a feedback control system based on optic fl ow sensors. 
They use both experiments and simulations to show that insect-like robots, 
a micro-helicopter and a micro-hovercraft, can behave very much like 
insects when placed in similar environments. The proposed simple and 
parsimonious control schemes function without any conventional devices, 
such as radio-altimeters, laser range-fi nders, radars, or GPS receivers. The 
simplicity of the proposed control puts little demand on neural resources 
and shows great potential for simplifying the design of aerial and space 
vehicles. 

 In the last chapter (Chapter 20), Guigon presents an overview of many 
problems inherent to the control of movements in humans and in robots. 
These problems include the problem of motor redundancy (Bernstein’s 
problem), the interactions between posture and movement, the use of inter-
nal models, and issues of optimality and effi cacy. Ways of solving such 
problems in humanoid robots are discussed. 

 We tried to make the book more readable by encouraging the authors to 
cross-reference other chapters and to present all the necessary background 
material in the introductory parts. Nevertheless, we appreciate that the 
breadth of this book will likely present a challenge to the readers. We hope, 
however, that the effort required to read the book will be rewarded by the 
many exciting ideas and perspectives that cover the spectrum of research 
activities united under the name “motor control.”   
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