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The Sixth Computational Motor Control Workshop at 
Ben-Gurion University of the Negev   

June 15-17, 2010, W. A. Minkoff Senate Hall, BGU Marcus Family Campus, Beer-Sheva, Israel 
Website:  http://www.bgu.ac.il/cmcw 

Department of Biomedical Engineering and  
the Zlotowski Center for Neuroscience at Ben-Gurion University of the Negev   

Program 
Tuesday, June 15  Welcome Dinner  

 
 
 
 
 
 
 
 
 

Wednesday, June 16 
8:20-8:50 Registration, poster placement and coffee 
8:50-9:00 Greetings – Dr. Opher Donchin, head of the 

organizing committee, BGU 
9:00-9:10 Opening remarks – Motti Herskowitz, Vice-

president and Dean for Research and 
Development 

 
Cerebellar learning 
Chairperson: Dr. Opher Donchin, BGU 
9:10-9:40 Prof. Stephen G. Lisberger – UCSF, San 

Francisco, USA 
Variation, signal, and noise in the neural circuit for 
smooth pursuit eye movements 

9:40-10:10 Dr. Opher Donchin – BGU 
Models and data in understanding cerebellar function

10:10-10:40 Prof. Matti Mintz – Tel Aviv University, Tel Aviv, 
Israel 
Reciprocal communication between cerebellum and 
amygdala in motor learning 

10:40-10:50  Discussion 
 
 
10:50-11:30 

 
Posters and coffee 
 

Computational models 
Chairperson: Prof. Ron Meir, Technion, Haifa, Israel 
11:30-12:00 Prof. Naftali Tishby – Hebrew University, 

Jerusalem, Israel  
Information Reinforcement-Learning 

12:00-12:30 Dr. Sigal Berman – BGU 
Geometric algebra and analysis of human arm 
movements 

12:30-12:40 Discussion 
   
12:40-14:40 Posters and lunch 

 

 
Organizing principles of behavior 
Chairperson: Prof. Gideon Inbar, Technion, Haifa, Israel 
14:40-15:10 Prof. Robert Scheidt – Marquette University, 

Milwaukee, USA 
Reorganization of coordination among redundant 
control signals during adaptation to rotation and 
scaling distortions of a newly learned sensorimotor 
transformation 

15:10-15:40 Prof. Natalia Dounskaia – Arizona State 
University, Tempe, USA  
Hierarchical control of bimanual movements revealed 
by arm dominance challenges the muscle homology 
principle 

15:40-16:10 Dr. Steve Chase – Carnegie-Melon University, 
Pittsburgh, USA 
Visuomotor adaptation observed through a brain-
computer interface 

16:10-16:20 Discussion 
  
16:20-16:30 SenseGraphics, NAN Insturments, and 

Alpha Omega Engineering 
Best poster and Travel Awards 

16:30-17:00 Posters and coffee 
 

Simulated and natural motor control 
Chairperson: Prof. Ferdinando Mussa-Ivaldi, 
Northwestern University, Chicago, USA 
17:00-17:30 Prof. Gerald Loeb – University of Southern 

California, Los Angeles, USA  
Spinal-like regulator simplifies control of multiple 
degree-of-freedom limbs 

17:30-18:00 Prof. Etienne Burdet – Imperial College, London, 
UK 
Robots can learn to control haptic interactions as 
humans do 

18:00-18:30 Dr. Amir Karniel – BGU 
A Turing-Like Handshake test for Motor Intelligence: 
CMCW-VII 2011 Tournament announcement 

18:30-18:40 Discussion 

  

20:30 Dinner and discussion 

 
 
 
Thursday, June 17, 9:00-17:00, Desert hike 
Guide – Eitan Krokovski 
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The desert in motion 

Invitation Letter and Call for Posters      

Dear Colleagues, 

In what has now become a tradition, we wish to invite you to participate in the sixth annual Ben-Gurion University Workshop 
on Computational Motor Control on June 16, 2010, in the W. A. Minkoff 
Senate Hall at Ben-Gurion University of the Negev, Beer-Sheva, Israel.  The 
following information is also available on our website: 
http://www.bgu.ac.il/cmcw 

Thank you for your attention, 
Opher Donchin and Amir Karniel  
donchin@bgu.ac.il; akarniel@bgu.ac.il 

Overview:  The nervous system analyses sensory information and orchestrates 
motor commands.  In so doing, it faces challenges that it shares with many 
artificially engineered systems.  In the spirit of the classic field of cybernetics, 
the field of computational motor control makes scientific and technological progress simultaneously by exploring the differences 
between artificial control theory and biological motor control.  Computational motor control is a multidisciplinary research 
program in which mathematics, engineering, biology, medicine and the cognitive neurosciences all play important roles.   This 
workshop will bring together world leaders in the field of computational motor control including Israeli researchers and 
distinguished guests. The goal will be to learn about the current state of the field and to identify the directions that will provide 
the medical and scientific breakthroughs of the next decades. 

Call for Posters:  The posters will be available throughout the day near the lecture hall to facilitate fruitful discussions.  Please 
submit a one-page abstract of up to 400 words by May 16 through the website or by email to cmcw@bgu.ac.il with the subject 
heading "CMCW registration form". An email should clearly contain your name and affiliation. Notification of acceptance and 
abstract books will be mailed out on May 20.  In addition, all accepted abstracts will appear on our website prior to the 
conference. Poster's should have a maximum width of 90 cm and a maximum height of 120 cm. 

Best Poster Award and Travel Award:  The award committee will choose the best poster(s) which will be announced at the 
end of the day.  The Best Poster Award Committee: Sandro Mussa-Ivaldi, Northwestern University, Gerald Loeb, University 
of Southern California;  Gideon Inbar, Technion, Amir Karniel, Ben-Gurion University; and Sigal Berman, Ben-Gurion 
University.  To be considered for the best poster award, authors must submit a file with their poster to the Best Poster Award 
Committee by June 4, 2010.  The poster can be submitted in PDF, TIFF, or Power Point formats by e-mail to cmcw@bgu.ac.il. 
Please use the subject heading “CMCW best poster submission” and include in the text of the message the name of the main 
author.  

Travel Award: In special cases we will also consider a travel award to partially cover the expenses of international 
researchers/students. The criteria for the travel award will be: (i) The scientific quality of the proposed poster and its relevance 
to the topic of the workshop (ii) An interest in pursuing a PhD, post doc or faculty position at Ben-Gurion University. Those 
interested in receiving a travel award should submit an abstract for the poster they will submit and a short description of their 
circumstances by April 20 by e-mail to cmcw@bgu.ac.il with the subject heading “CMCW travel award.” 

Dinners: We will have a festive welcome dinner on the evening of June 15, before the workshop.  Speakers and chairmen will 
be guests of the workshop at the dinner.  For others wishing to join us, the dinner will be subsidized and will cost no more than 
100 NIS per person.  We will also have a more modest dinner and discussion in the evening following the workshop.  

Tour to the Negev: On Thursday, June 17, we plan a trip to the Negev. Cost per-person will be no more than 150 NIS (approx. 
$40), registration and payment (cash only) to the trip will be done during the morning of June 16 at the workshop registration 
desk.  Price includes the cost of lunch. 

Registration: Please register before May 20.  Registration is mandatory but free.  Space may be limited, so please register early.   
Please register on our website or by email to cmcw@bgu.ac.il with the subject heading "CMCW registration form".  Please 
indicate in your registration whether you are interested in particpating in the welcome dinner, the discussion dinner or the desert 
hike. 

Sponsors: 
¶ The President, Ben-Gurion University 
¶ The Zlotowski Center for Neuroscience, BGU 
¶ The Rector, Ben-Gurion University  
¶ The Dean of the Faculty of Health Sciences 
¶ The Dean of the Faculty of Engineering 

 
Winter in the Negev 



 Photo: Ilya Borovok, Google Earth 
 
The desert hike 
 
Dear friends: 
 
On Thursday the 17th of June, we will continue the CMCW tradition and enjoy an 
"experiential taste" of the Negev desert. This year  we will tour the area of  "Sde 
Boker". 
  
Our visit in the desert will take us on a journey through time including fossil trees, a 
water spring, colorful sandstone and beautiful view points. We will have lunch at a 
homestead a few minutes of drive from the desert town of Yerucham.   
  
Meeting time: 08:45 A.M. Bus leaves at 9:00 A.M. sharp. 
  
Meeting place: The Leonardo Negev Hotel 
  
What to bring: Back pack, sunscreen, a hat, comfortable shoes and clothes, 
 bathing suit beneath-optional if there will be water in the spring.   
  
Cost: 150NIS 
  
We will return to the Leonardo Negev at approximately 5 P.M 
 
See you then                      
Eitan (the tour guide) 
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Variation, signal, and noise in the neural circuit for 

smooth pursuit eye movements 
 

Stephen G. Lisberger 
 

UCSF, San Francisco, USA 
 
The brain is intrinsically variable, as is its output in the form of behavior. We have been 
using smooth pursuit eye movements to ask about the relationship between neural and 
behavioral variation, and to divide neural variation into components that are signal 
versus noise.  We have found a surprisingly large correlation between the trial-by-trial 
variation in pursuit eye velocity and the concomitant variation in neural responses in 
both the floccular complex of the cerebellum and the smooth eye movement region of 
the frontal eye fields in the cerebral cortex (FEFSEM).  The strong “neuron-behavior” 
correlations imply that some of the neural variation is signal that is shared across 
neurons and drives variation in behavior, while the rest of the neural variation in noise 
that is reduced downstream from each site.  Recordings from both the FEFSEM and the 
floccular complex imply that essentially no noise is added in downstream processing, 
implying that all the variation in the behavior arises at earlier stages, perhaps in the 
sensory processing for pursuit. 
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Models and data in understanding cerebellar function 

Dr. Opher Donchin 

Department of Biomedical Engineering 
Ben-Gurion University of the Negev 

Beer Sheva, Israel 

The cerebellum has been extensively modeled for many years. A central theme has 
emerged from these models: the cerebellum creates internal models through a process of 
non-linear function adaptation driven by error signaled by the inferior olive. There is 
significant data, including data from our own lab, that challenges this idea, and I will 
present some of the arguments. However, the model has staying power because it 
combines intuitive appeal, theoretical tractability, and an ability to explain significant 
behavioral and physiological data. One issue which has recently become prominent is 
the question of whether the internal model serves sensory prediction or the generation of 
motor commands. This issue has ramifications for our understanding of behavioral 
motor control, where the same debate is characterized as an argument about feedback 
control, that relies on a forward model, and feedforward control, that relies on an 
inverse model. While all agree that both types of control may happen simultaneously, I 
will discuss the differences between the two theories and present the evidence that has 
accumulated on each side. I also take this a step further. Combining ideas about 
hierarchical control of movement, hierarchical connectivity in the cerebral cortex, and 
our own results in cerebellar patients, I propose a model which distinguishes goal 
selection from the generation of motor commands. I suggest that the posterior arm area 
of the cerebellum, connected to parietal cortex, provides a forward model that 
contributes to goal selection, while the anterior arm area of the cerebellum, provides an 
inverse model that contributes to the generation of motor commands. 
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Reciprocal communication between the cerebellum 
and the amygdala in motor learning 

 
Matti Mintz, Ari Magal, Aryeh Taub 

 
Psychobiology Research Unit, Tel Aviv University 

mintz@freud.tau.ac.il 
 
 
An encounter with a challenging situation triggers a cascade of emotional and motor 
learning. Localization of emotional learning in the amygdala and discrete motor 
learning in the cerebellum provides empirical means to study the interaction between 
the fast, non-specific emotional learning and the slow but specific motor learning. We 
suggest that this interaction is bidirectional; initially, emotional learning facilitates the 
motor learning, but acquisition of a high level of motor performance leads to extinction 
of the emotional response.  
 
The emotion-to-motor interaction was demonstrated in behavioral studies in animals, 
which showed that conditioned-fear facilitates motor-conditioning. In our example, 
exposure to paired trials of conditioned stimulus (CS) and airpuff unconditioned 
stimulus (US) resulted in slow acquisition of motor eyeblink conditioned response 
(CR). Animals in which emotional conditioning preceded the motor conditioning 
demonstrated faster acquisition of the eyeblink-CR and higher asymptotic level of 
eyeblink-CRs. To explain the facilitatory effect of fear on motor conditioning, we 
recorded the multiple unit response of the pre-cerebellar pontine nucleus (PN) to the 
CS. Results demonstrated that emotional conditioning enhanced the PN response to the 
CS. These findings indicate that the amygdala output enhances the salience of the CS 
signal in the input to the cerebellum, which consequently facilitates the cerebellar-based 
motor conditioning. 
 
The motor-to-emotion interaction was also demonstrated in behavioral studies, with 
animals showing diminution of the fear-CRs upon progression of the adaptive motor 
conditioning.  To study this effect we recorded multiple unit response of the central 
nucleus of the amygdala (CeA) to an aversive periorbital-US. Results showed that 
cerebellar output, triggered ahead of the onset of the periorbital-US through stimulation 
of the cerebellar interpositus nucleus, inhibited the CeA response to the periorbital-US. 
These findings support the notion that the cerebellar neuronal output, which serves as a 
precursor of the motor-CR, inhibits the error-US signal arriving at the limbic system.  
 
These bidirectional interactions between the amygdala and the cerebellum may be 
conceptualized under the 'three stage theory of learning'; emotional learning in the first 
stage accelerates the motor learning in the second stage, and motor performance 
extinguishes the conditioned emotion in the third stage. 
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The role of information in motor planning and 

behavior 
 

Naftali Tishby 
 

Hebrew Unievrsity, Jerusalem, Israel 
 

Modeling and learning efficient interactions between an agent and its 
environment involve several quantitative measures in the context of 
Reinforcement Learning (RL). The standard RL framework is aimed at maximizing 
expected future reward, or value-to-go, accumulated in state-transitions during 
long episodes. Two other important quantities in the interaction with the 
environment are generally ignored. The first is the decision complexity, or the 
amount of information required for valuable behavior. The second is the 
information gained by the response of the environment to the actions. Both the 
value-to-go and information to-go satisfy the familiar Bellman equation for 
Markov Decision Processes, and their combination provides a new unified framework 
for information 
optimization and optimal control, and a principled justification for softmax 
policies in RL. The talk will review this new synergistic combination of information 
and control theories and the application to robust planning and behavior in the MDP 
framework.   
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Geometric algebra and analysis of human arm 

movements 
 

Sigal Berman 
 

Ben-Gurion University of the Negev, Israel  
 

Geometric algebra, offers a rigorous yet simple representation of the 3D velocity of a 
rigid body. Using geometric algebra we study 3D extended arm pointing and reaching 
movements trying to shed light on internal motor planning strategies. We examine the 
decomposition of movements into sub-movements and reconstruct motion by assuming 
superposition of the velocity profiles of the underlying sub-movements. This movement 
decomposition reveals a larger number of sub-movement than is found based only on 
the analysis of hand tangential velocity. The reconstructed velocity profiles and final 
orientations are similar to executed motion, indicating single axis sub-movements may 
be basic building blocks underlying 3D movement construction. 
 
Joint work with Tamar Flash (Weizmann Institute of Science), Dario G. Liebermann 
(Tel-Aviv University) 
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Movement direction and extent errors are processed 

separately and in computationally distinct ways during 
learning 

 
Robert A. Scheidt1,3,4, Maura Casadio3,4, Xiaolin Liu1, Ferdinando A. 

Mussa-Ivaldi3,4,5 and Kristine M. Mosier2 
1Department of Biomedical Engineering, Marquette University, Milwaukee, WI, USA 

2Department of Radiology, Indiana University / IUPUI, Indianapolis, IN, USA 
3Department of Physical Medicine and Rehabilitation, Northwestern University Medical 

School, Chicago, IL, USA 
4Sensory Motor Performance Program, Rehabilitation Institute of Chicago, Chicago, IL, 

USA 
5Department of Physiology, Northwestern University, Chicago, IL, USA 

We previously reported that as people learn to manipulate two dimensional (2D) cursor 
motions p using high dimensional (19D) finger motions h, they learn a motor 
approximation Bto an inverse of the projection matrix A mapping h onto p. We also 
reported evidence based on variability of those finger motions not contributing to cursor 
motion (null space of A) that subsequent rotation or scaling of cursor motioninduced 
categorically different compensatory responses: application of the rotation transiently 
increased null space variability whereas scaling did not.Based on this, we hypothesized 
that rotation induced learning a new Bbut scaling did not. This result is 
unexpectedbecause subjects could have exploited Bto guide compensation in both 
casesby reweighting just those joint motions causing cursor motion. 
We describe a new analysis that tests the hypothesis that rotation causes subjects to 
abandon a previously-learned Band to learn a new one whereas scaling does not.We 
estimated the inverse hand-to-screen transformation Bused for target 
acquisitioningbefore and after rotation or scaling by a least-squares fit to the data: Best = 
H PT (P PT)-1. We evaluated how well theB obtained after adaptation (BADAPT) was 
predicted by rotation (TR) or scaling (TS) ofBest obtained at the end of baseline practice 
(BBL2) by computing the difference magnitude:�' BADAPT =  ||BADAPT-BBL2 T-1||. We 
evaluated significance by comparing �' BADAPTto �' BNOISEcomputed similarly from the 
beginning (BBL1) to the end (BBL2) of baseline training (assumeT-1is the identity matrix). 
For subjects exposed to rotation, BADAPTcould not be characterized as a rotated version 
of the baseline mapping because �' BADAPT far exceeded �' BNOISEfor these subjects 
(0.64+0.41glove signal units GSU per pixel vs. 0.20+0.19 GSU/pixel) (paired t-
testp=0.01). The within-subject difference �' BADAPT - �' BNOISE was 0.44+0.32 
GSU/pixel.Thus the rotational distortion induced learningof a new inverse hand-to-
screen mapping.In contrast, �' BADAPT did not exceed �' BNOISE for scaling subjects 
(0.24+0.11 vs. 0.25+0.22GSU/pixel) (p=0.942).The within-subject difference 
was0.03+0.10 GSU/pixel.Thus,we found no evidence to reject the hypothesis that 
scaling subjects simply contracted their baseline inverse map to compensate for the 
imposed scaling.Thedata are inconsistent with the idea that once a task is learned, motor 
command updating is limited to just those degrees of freedom contributing to task 
performance (thus minimizing energetic or similar costs of control) but instead highlight 
limitations of recent experience in guiding adaptive responses in a newly-learned motor 
task. 
Supported by: NSF BES 0238442, NIH NINDSR01NS053581 and a Way-Klingler MU 
faculty research award. 
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Hierarchical control of bimanual movements revealed 

by arm dominance challenges the muscle homology 
principle 

 
Natalia Dounskaia1,2, Keith Nogueira2, Elizabeth Drummon1  

1Department of Kinesiology, Arizona State University, Tempe, AZ  
2Harrington Department of Bioengineering, Arizona State University, Tempe, AZ  

Studies of bimanual movements typically report interference between motions of the 
two arms and a spontaneous tendency to shift towards mirror symmetry and 
homologous muscle activation. However, recent studies have demonstrated that the two 
arms differ in the ability to regulate interaction torque (INT) with muscle torque (MUS). 
This predicts limitations in the capability to perform mirror-symmetrical movements. 
Here, two experiments were performed to test this prediction. The first experiment 
included unimanual and bimanual symmetrical and asymmetrical circle drawing 
performed at two frequency levels. The increases in cycling frequency caused 
differences between the two arms in movement trajectories in all three modes. While the 
dominant arm maintained circular trajectory, the circle was deformed into a tilted oval 
in the nondominant arm. This effect was specifically pronounced during the 
asymmetrical pattern but it was also significant during the symmetrical pattern and 
unimanual movements. Based on torque analysis, the differences were attributed to the 
nondominant arm’s decreased capability to regulate INT. This finding was verified in 
the second experiment that included oval drawing during symmetrical bimanual 
coordination. Four oval orientations were used to provide variations in INT regulation. 
Similar to the first experiment, increases in cycling frequency caused spontaneous 
deviations from perfect bimanual symmetry associated with inefficient INT regulation 
in the nondominant arm. The results demonstrate that there are two spontaneous 
tendencies simultaneously affecting bimanual coordination. One tendency is to 
converge to the symmetrical pattern during nonsymmetrical movements and the other is 
to deviate from the symmetrical pattern when symmetry is required. Our analysis 
attributes the latter tendency to differences in muscular control between the two arms. 
The differences in muscular control point to independent force generation between the 
arms, thus contradicting to the widely accepted interpretation that bimanual coupling 
emerges because the control system favors simultaneous activation of homologous 
muscles. Review of literature reveals a number of previous studies that support this 
conclusion. Summarizing our results and results of previous research, we argue that 
bimanual interference occurs during encoding of a spatial representation of the 
movement (the level of control that determines “what to do”), while lower-level 
generation of muscle forces (the level of control that determines “how to do it”) is 
independent between the arms. A hierarchical model of bimanual control is proposed. 
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Visuomotor adaptation observed through a brain-
computer interface 

 
Steven M. Chase 

 
Department of Statistics, Carnegie Mellon University; Department of Neurobiology, 

University of Pittsburgh; and the Center for the NeuralBasis of Cognition 
 
Visuomotor transformations are one of the canonical perturbations used to 
study motor learning and adaptation.  One of the limiting factors in 
studying neural correlates of these perturbations, however, is that 
typically millions of neurons are involved in the adaptation process; when 
recording from a limited subset of the population, it is difficult to know 
exactly how meaningful a given neural change is to the subject's overall 
behavior.  Brain-computer interfaces (BCIs) can address this problem.  In 
a BCI, the neural activity of recorded neurons can be used to drive a 
cursor on a computer screen, providing a defined link between neural 
activity and behavior.  By implementing visuomotor perturbations in this 
framework, it is possible to understand the behavioral relevance of 
particular neural changes. 
We trained monkeys to perform 2D center-out movements of a computer cursor 
under brain-control.  We then applied a perturbation by decoding a subset 
of randomly chosen neurons incorrectly, by rotating their contribution to 
cursor movement by a consistent angle.  While globally this perturbation 
mimics a visuomotor perturbation, only some of the cells in the population 
actually contribute to error.  We find that our subjects readily adapt to 
the rotational part of the perturbation, but show no evidence of 
adaptation to the visuomotor gain reduction.  Using a novel analysis 
technique that allows us to separate global re-aiming compensation from 
local changes in tuning curves (re-tuning), we find that the majority of 
the error reduction (~80%) can be attributed to re-aiming, while the 
remainder (~20%) can be attributed to re-tuning.  Both of these 
compensations increase as the perturbation error increases. 
 
Acknowledgements 
This is joint work with Dr. Andrew Schwartz at the University of 
Pittsburgh and Dr. Robert Kass at Carnegie Mellon University.  This work 
was supported by NIH CRCNS grant EB005847. 
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Spinal-like regulator simplifies control of multiple 

degree-of-freedom limbs 
 

Gerald E. Loeb 
 

University of Southern California, Los Angeles, USA 
 

The performance of motor tasks requires the coordinated control and continuous 
adjustment of myriad individual muscles. The basic commands for the successful 
performance of a sensorimotor task originate in “higher” centers such as the motor 
cortex, but the actual muscle activation and resulting torques and motion are 
considerably shaped by the integrative function of the spinal interneurons. The relative 
contributions of brain and spinal cord are less clear for reaching movements than for 
automatic tasks such as locomotion. We have modeled a two-axis, four-muscle wrist 
joint with realistic musculoskeletal mechanics and proprioceptors and a network of 
regulatory circuitry based on the classical types of spinal interneurons (propriospinal, 
monosynaptic Ia- excitatory, reciprocal Ia-inhibitory, Renshaw inhibitory and Ib-
inhibitory pathways) and their supraspinal control (via biasing activity, presynaptic 
inhibition and fusimotor gain).  The modeled system has a very large number of control 
inputs, not unlike the real spinal cord that the brain must learn to control to produce 
desired behaviors.  It was surprisingly easy to program this model to emulate actual 
performance in four very different but well-described behaviors: 1) stabilizing responses 
to force perturbations; 2) rapid movement to position target; 3) isometric force to a 
target level; 4) adaptation to viscous curl force fields. The model is being extended to a 
planar elbow-shoulder system with mono- and biarticular muscles.  Our general 
hypothesis is that, despite its complexity, such regulatory circuitry substantially 
simplifies the tasks of learning and producing complex movements. 
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Robots can learn to control haptic interactions as 

humans do 
 

Prof. Etienne Burdet 
 

Imperial College, London, UK 
 
Robotics can contribute to neuroscience: This has been shown through many significant 
advances in human motor control of the last 30 years. However here I will present one 
of the few examples where neuroscience led to a novel robotic algorithm and new 
applications.  
By using a robot to estimate stiffness during multijoint arm motion, we could first show 
that the nervous system learns to coordinate muscles to produce both appropriate force 
and appropriate resistance to perturbation (mechanical impedance), at minimal 
metabolic cost (nature 414: 446-9; JNP 90(5): 3255-69, 90(5): 3270-82; JNS 27(29): 
7705-16). This is critical to understand how we deal with unstable situations in 
everyday life despite large motor noise, e.g., whenever we work with tools. To 
understand these results, we developed a computational model of motor learning which 
predicts how sensory information is used to modify the motor commands to muscles 
during the whole learning process (JNS 27(29): 7705-16, Biol Cybern 102: 31-44), with 
patterns similar to observed muscle activations. 
We have recently implemented the human-like control algorithm on industrial robot 
manipulators (Proc IEEE-ICRA 2010). This enables robot manipulators to adapt force 
and impedance to interact efficiently with the environment, and to deal with inherent 
instability and forces. Using simple human-like adaption in each joint, optimal dynamic 
coupling and impedance are learned through practice, in a possibly redundant 
system. This novel human control algorithm opens new avenues for applications of 
robots interacting with humans, e.g. to attenuate tremor or tune robotic rehabilitation.  
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A Turing-like handshake test for motor intelligence 

 
Amir Karniel  

 
The Computational Motor Control Laboratory, Department of Biomedical Engineering,  

Ben-Gurion University of the Negev, Beer-Sheva, Israel 
akarniel@bgu.ac.il 

 
A model is the first step in understanding any natural phenomenon. Reaching an 
understanding of human intelligence must, by its very nature, be a long-term study, and 
a yardstick is required to track our progress. The Turing test provides such a measure 
based on questions and answers to a model and to a person; however, it is binary and 
limited to the linguistic aspects of intelligence. The ultimate Turing-like test would be 
to build a robotic device with abilities indistinguishable from those of a human being. 
The implications of developing such a test cover many aspects of engineering, 
medicine, life sciences and social sciences. A salient function of the brain is the control 
of movement, with the human hand being the most sophisticated demonstration of this 
function. Therefore, we design a Turing-like handshake test, for motor intelligence.  
We administer the test through a telerobotic system. Instead of asking the test subject 
whether the other party is a person or a computer program, we employ a forced-choice 
method that asks which of two systems is more human-like. By comparing the 
developed model with a weighted sum of human and passive systems, we construct a 
psychometric curve and extract a quantitative grade for the developed system in terms 
of similarity to the human handshake.  The test subject is engaged in a task of holding a 
robotic stick and interacting with another party (human, artificial, or a linear 
combination of the two).  We tested a number of well-known scientific hypotheses with 
the aim to develop the simulated handshake.  
In discussing further development of the Turing-like handshake test, one should also 
note that the standard Turing test is a perceptual test and recent studies distinguish 
between perception and action. Future studies should explore three versions of the test 
in order to accurately assess the nature of human-like handshake: 1. a psychometric test 
of the perceived similarity; 2. a motor behavior test that will explore the motor reaction 
of the interrogator which may differ even when he/she states that both movements are 
similar; 3. an ultimate optimal discriminator which tries to distinguish between human 
and machine handshakes based on the force and position trajectories. 
In this talk I'll describe the Turing like handshake test, our preliminary results and what 
we can learn from them about the natural properties of human handshake. Then I'll 
discuss the implications and future medical applications, for diagnostic purposes as well 
as for the design of human like robots to assist the elderly population and the physically 
disabled. 
 
This study is supported by the Israel Science Foundation (ISF grant number 1018/08).  
Further information about this study and the upcoming Handshake Tournament is 
available at URL:  http://www.bgu.ac.il/~akarniel/  
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Yoav Aminov1, Beerend Winkelman2, Maarten Frens2, and Opher 

Donchin1 
 

1) Department of Biomedical Engineering, Ben-Gurion University of the Negev, Beer 
Sheva, Israel 
2) Department of Neuroscience, Erasmus MC, Rotterdam, The Netherlands 

 
Existing spike sorting methods suffer from many limitations. One key limitation is that 
algorithms are usually either manual (and unwieldy) or automatic (and untrustworthy). 
The “Ping-Pong” is an iterative sorting algorithm which is able to work without user 
intervention but can also be seeded by partial manual sorting or improved through user 
input. Moreover, the manual sorting can be guided through computer suggestions; the 
algorithm identifies ambiguously classified spikes and allows the user to classify those 
specific spikes in order to improve the overall results. Our ping-pong algorithm is 
derived by combining two key ideas. The first, developed by Christophe Pouzat, is to 
characterize the quality of sorting using a likelihood function that combines 
considerations deriving from inter-spike intervals (ISI) of the spike times and the 
similarity of the spike shapes. The second was to use a probabilistic neural network 
(PNN) to expand user input regarding specific spikes into a full sort of all spikes. This 
allows us to identify spikes even if the noise distribution is not easily modeled by a 
parametric distribution such as a Gaussian. We combined these two ideas so that user 
input was incorporated as a prior in the likelihood function. Then we use Markov Chain 
Monte Carlo (MCMC) sampling to find which neuron is most often associated with 
each spike. This sorting is then presented to the user who can monitor the quality and 
introduce additional prior information that will lead to more accurate sorting. 
We have embedded this algorithm in a fully interactive user environment for spike 
sorting. The user interface is designed to be broadly accessible, serving simple users 
interested in fully automatic sorting and more sophisticated user who wants to have full 
quality control.  
Preliminary results of sorting artificially generated data indicate that our algorithm is 
able to reduce sorting errors by 10-30 percent comparing to widely used classification 
methods such as K-means and PNN. We plan to compare the sorting performance of our 
algorithm with other available spike sorting software based on real data recorded from 
Purkinje cell neurons as well as artificially generated signals.   
 
Acknowledgments: This research was supported by the Israeli Science Foundation grant 
624/06 and the Israeli Psychobiology Institute  
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Recent studies by the Kawato group (Franklin et al. ,CNS learns stable, accurate, and 
efficient movements using a simple algorithm, J. Neurosci 2008) suggest that the brain 
uses a simple learning rule in order to adapt to both convergent and divergent force 
fields during reaching movements. Their "V shaped" learning rule leads to a 
combination of co-contraction -- increasing stability -- and corrective force -- giving 
accurate movements. Movements without error cause reduced muscle activation, so that 
the best balance of co-contraction and net force can be learned for each situation. The 
authors use an adaptive inverse control model to explain these results. It is possible that 
these results, which seem to show learning based on a non-linear function of the motor 
error, support the claim that the motor system is involved in adaptive inverse control. 
We suggest, however, that the behavior seen in their experiments could be the muscle-
level manifestation of adaptation of an optimal feedback control (OFC) system. Since 
current OFC models do not simulate adaptation, we developed an adaptive OFC model 
of control of reaching movements to test this possibility. The model consists of a 
forward model that adapts using the Locally Weighted Projection Regression (LWPR) 
algorithm and an actor /critic controller that uses reinforcement learning and an 
incremental natural actor / critic (iNAC) algorithm to learn the optimal motor 
commands for each state. This adaptive system controls a simple joint model, actuated 
with two Hill-type muscles, enabling the simulation of non-linear stiffness properties.  
The model was used to make point-to-point reaching movements. It was first optimized 
for the null field and then exposed to force field perturbations. We tested the ability of 
the model learn to produce stable, efficient and accurate movements in these force 
fields. In addition, we analyzed the trial-by-trial changes in behavior, and analyzed them 
using the same approach as that used by the Kawato group. In this way, we tested the 
possibility that this model, without an explicit V shaped learning rule, would 
nevertheless reproduce the behavior seen by Kawato's group. 
Acknowledgments: Israeli Science Foundation Grant number 624/06 
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One of the important characteristics of the motor system is the ability to cope with 
uncertainty in a changing environment. This is achieved by performing movements 
which are variable enough to adjust to the complex world surrounding us. 
Cerebral Palsy (CP) describes a group of disorders of the development of movement 
and posture, causing activity limitation, that are attributed to non-progressive 
disturbances that occurred in the developing fetal or infant brain. CP is essentially a 
movement and balance disorder: The individuals have abnormalities of muscle tone and 
reflexes; they suffer from balance problems and from muscle weakness. Sometimes 
proprioception is impaired. 
The handshake is one of the simplest and most common motor interactions, and it is 
characterized by synchronization of the participants' hand motions. When a handshake 
is performed between two individuals, their hand motions naturally become entrained. 
Here we present preliminary analysis of the human handshake. Human movements can 
be classified as rhythmic or discrete. Participants (5 young healthy adults and 2 young 
adults with CP) were asked to perform handshake motions when holding the stylus of a 
Phantom® haptic device which enabled us to track their position. We analyzed their 
motions in terms of smoothness, harmonicity, frequency and amplitude. We found that 
the handshake motion is rhythmic in its nature rather than discrete in healthy (Avraham 
et al. 2009(1), Karniel et al. 2010(2)), as well as in impaired subjects.  In addition, the 
analysis of the CP handshake movements reveals low variance of frequency compared 
with healthy subjects. 
Our findings demonstrate that handshake movements can reflect at least some of the 
differences in the motor system characteristics between healthy and CP subjects. 
We plan to continue exploring the human handshake movements of healthy and 
impaired subjects. In addition, we will investigate whether individuals with CP can be 
trained to perform movements with higher timing variability using a simulated 
handshake system. 
This research was supported by the Israel Science Foundation (grant No. 1018/08). SL 
is a Kreitman Foundation postdoctoral fellow. 
 
(1) Avraham G, Levy-Tzedek S, Karniel A (2009) Exploring the Rhythmic Nature of Handshake Movement and a 

Turing-like test. The fifth computational motor control workshop June 11, Ben-Gurion University, Beer-Sheva, 
Israel  

(2) Karniel A, Avraham G, Peles B, Nisky I, Levy-Tzedek S (2010) A Turing-like Handshake Test for Motor 
Intelligence Eurohaptics, Amsterdam, Netherlands, July  2010   
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Walking of healthy people is a complex, adaptive, nonlinear motor behaviour which is 
the outcome of functioning in a critical balanced regime of the brain. Walking aims to 
carry us from one place to another while navigating in complex environments. In a 
critical balanced world, conditions mostly stay the same, but there is always room for 
surprises. 
In persons with Cerebral Palsy (CP) this complex ability to adapt to diverse 
environments is lost.  
Training with unexpected perturbations while walking mimics a critical world and 
challenges a subject to solve a problem and continue walking. 
Aims: to develop a measuring and training system that evaluates the complexity of the 
walking motor behaviour. 
The device: training with Re-Step™ is based on the premise that the introduction of 
changes of the sole of the shoes in a chaotic manner during the swing phase of walking 
changes the stepping surface in the stance phase.    The subject cannot predict the next 
configuration of the sole-environment, cannot use past experience (the previous few 
steps) to predict the future (next step), and is forced to solve the problem and find 
solutions in an unknown practice situation while keeping the motor controller alert. 
Results: our preliminary results show reduced complexity of the walking pattern in 
persons with CP in comparison to the walking of healthy subjects. Moreover, results 
demonstrate differences in complexity of walking between the two lower extremities in 
a young adult with CP. 
Conclusions: 1) the Re-Step system can measure the variability of the center of pressure 
in walking and register responses to perturbation introduced in stepping.  2) results may 
suggest a split physiological control system of walking (one for each leg).  
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Rhythmic movement can be described as an "almost periodic" movement, which is 
characterized by approximately constant frequency, amplitude and peak speed. A 
question that may rise is which one of these variables is being controlled when 
performing this kind of movement? It has been suggested that there is a tendency to 
move at the resonant frequency of the limb, which is dictated by its mechanical 
properties. The idea of frequency control is based on central pattern generators (CPGs). 
CPG is a neural network that is able to produce rhythmic movements without peripheral 
afferent feedback. With sensory feedback from the limb, the CPG is able to move the 
limb at its resonant frequency. 
We implemented a model put forth by Hatsopoulus (1996), describing the coupling 
between the CPG and the limb as a van der Pol oscillator coupled to a linearized hybrid 
springpendulum system. We added amplitude and speed constraints upon the 
movement. These modifications were made in order to explore the control mechanism 
in different conditions. 
In addition, we conducted a number of experiments in which participants (young 
healthy adults) were presented with a phase-plane display of their forearm motion, in 
which the axes represent angular position and angular velocity. Participants performed 
forearm movements at various conditions: (1) different frequencies (see [1]), (2) with a 
visual feedback in the form of a movement trace and (3) without the visual feedback. 
We will show that our model accounts for the various experimental results, consider the 
possible control variables, and discuss the potential applications for new rehabilitation 
technologies for Parkinson disease patients. 
This research was supported by the Israel Science Foundation (grant No. 1018/08). SL 
is a Kreitman Foundation postdoctoral fellow. 
 
References: 
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In modeling human arm movements, optimization principles have been used to describe 
mathematically the kinematics and dynamics of point-to-point arm movements. Most 
models have assumed an underlying Euclidean structure of sensorimotor spaces in the  
formulation of the cost functionals that determine the model predictions. Interestingly, 
more than a century ago the fundamental differences between the visual and tactile 
sensory spaces and Euclidean space regarding continuity, dimensionality, spatial 
extension, homogeneity and isotropy have been pointed out by E.Mach and H. Poincare. 
Yet, the non-Euclidean structure of sensorimotor spaces has found little expression in 
formulations within motor control models. 
We present a generally covariant formulation of human arm dynamics, optimization and 
invariance principles in Riemannian configuration space endowed with the kinetic 
energy metric. Our model formulation is independent of the particular choice of 
coordinates (covariant), and thus, it is valid in any representation that one may use to 
define arm configurations. We find that apparently incompatible computational models 
of human point-to-point arm movements are equivalent when formulated in this metric 
space. In particular, we resolve a long-standing controversy of kinematic versus 
dynamic modeling approaches in human motor control by showing the equivalence of 
the minimum-jerk and minimum-torque change model in Riemannian space. 
Movements with minimal muscular effort follow geodesic paths in the Riemannian 
manifold and movement invariants are derived from Killing vector fields. Although 
some of the presented results are specific to our choice of metric, the formalism 
developed can be applied to other manifolds and metrics. Thus, we argue that the 
description of sensorimotor spaces and the understanding of human motor actions may 
benefit from a differential geometric approach that aims to identify the underlying 
manifolds and their affine or metrical structures. 
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Humans can generate smooth and accurate movements despite having neural conduction 
and processing delays. Therefore, understanding how the brain adapts to delay is an 
important research question. In this work we investigated the effect of small visuomotor 
delays (70 ms) on reaching and slicing movements in a virtual reality environment. In a 
series of experiments we looked into the adaptation, learning rate and generalization of 
reaching and rhythmic reversal movements. In a first experiment subjects initially 
learned to reach accurately using a visual feedback cue to a spatial target. When visual 
feedback was unexpectedly delayed, the hand movement overshoots the end-point target 
as a result of vision based feedback control. Over ensuing trials movements gradually 
adapted and became accurate. When the delay was removed unexpectedly, movements 
systematically undershot the target, thus supporting the conclusion that an adaptation 
occurred within the vision based feedback control mechanism.  In an attempt to explain 
the underlining mechanism we further inspected the transfer between discrete reaching 
movements and rhythmic reversal movements under visuomotor delay under continuous 
visual feedback, or under blind catch trials. Our results revealed similar after-effects for 
rhythmic movements suggesting that the adaptation is not related to stabilization, but 
rather to the movement per-se. Furthermore, overshoot movements during 
generalization trials from reach to slice without vision indicate that feedforward 
adaptation and not only vision based feedback adaptation occurred during the exposure 
to the delayed visual feedback.  We present a computational model explaining the 
results based on two adapted forward models each tuned for specific modality delay 
(proprioception and vision) and a third feedforward controller. Finally, the similarities 
and differences between visuomotor delay paradigm, visuomotor rotation paradigm and 
the force perturbation paradigm may be further used to assess changes in the motor 
system following adaptation to reaching movements in a variety of experimental setups. 
 
 
This study was supported by the United States-Israel Binational Science Foundation 
(BSF), Jerusalem, Israel 
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Proprioceptive feedback is essential for coordinated control of limb motion (Sainburg et 
al., 1995). Because stroke frequently compromises sensory and motor functions, it is 
important to characterize both forms of deficits in these subjects. Our lab seeks to 
understand how neuromotor deficits due to stroke impact the integration of sensory 
afference and motor efference in the adaptive control of movement. To better 
understand the sensory aspects of this relationship, we compare two methods for 
quantifying proprioceptive sensitivity to limb motion induced by force perturbations in 
normal intact human subjects and inspect the effect of perturbation exposure time on the 
detected proprioceptive threshold.  
Seated subjects relaxed while holding the handle of a 2D horizontal planner robotic arm 
capable to measure hand forces. All visual feedback of the hand, arm and robot were 
blocked by adjustable screens. The robot displaced the hand by generating time-varying 
force patterns (a rhodonea curve with a period of 3.2 Sec) that subjects were to detect. 
We identified proprioceptive sensitivity to these perturbations using two different 
psychophysical approaches: the Method of Fixed Stimuli (MOFS, 3.2 sec perturbation 
duration in each observation interval) and the Method of Adjustment (MOA, unlimited 
perturbation duration). 
In the MOFS, subjects were required to detect the perturbation using a two-alternative 
forced choice paradigm wherein one observation interval had a null amplitude 
perturbation and the other a fixed amplitude perturbation (selected pseudorandomly 
from 7 different amplitudes). In the MOA, subjected controlled the amplitude of the 
perturbation using two buttons, adjusting it until the signal was just detectable. Our 
analysis showed that the proprioceptive threshold estimated using the MOA was 
systematically lower than that measured using the MOFS. Since perturbation exposure 
duration was undeniably longer for MOA vs. MOFS, we hypothesized that longer 
perturbation time might be associated with lower detection threshold. We therefore 
conducted a second MOFS experiment wherein subjects were to detect the presence of a 
single amplitude perturbation while perturbation time was pseudorandomly varied 
between trials. The applied perturbation amplitude was chosen to yield 75% response 
accuracy in the original MOFS test and stimulus time was pseudorandomly chosen from 
4 durations (1.6, 2.4, 3.2 and 4.8 sec). Our results show that for all subjects the number 
of correct responses increased with perturbation time [F(3,4)=8.36, p=0.003]. However, 
we also found that response accuracy also covaried with mean hand displacement and 
hand force during perturbation. We concluded that longer integration time resulted in 
lower detection threshold, probably as results of larger hand displacement and larger 
hand forces. Further experiments are required in order to expose the underlining 
mechanisms for these changes. 
  
Supported by NIH NCHDD R01053727 and a Way-Klingler MU faculty research 
award. 
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Arm stabilization requires coordinating the activation timings of muscles at each joint in 
the limb. Unfortunately, impaired stabilization contributes to functional disability after 
stroke. Here we quantify how stroke survivors initiate and terminate muscle activations 
in the hemiparetic elbow.  
Ten survivors of single ischemic or hemorrhagic stroke (SS; > 6 mo post-stroke) and 10 
age range matched control subjects (CS) grasped the handle of a horizontal planar robot 
that held the hand rigidly in the center of the arm’s workspace or at 1 of 4 locations near 
the limits of elbow or shoulder flexion / extension. We recorded electromyograms 
(EMGs) from muscles including biceps (BIC) and lateral triceps (TRI). Before testing, 
subjects made maximal voluntary contractions (MVCs) of elbow flexion / extension in 
the central testing position. EMGs were normalized to MVC and filtered to provide 
real-time graphical biofeedback of muscle effort in 1 of 3 tasks (elbow flexion, 
extension, BIC/TRI coactivation) at 1 of 3 targeted effort levels (10%, 30% or 50% 
MVC). The robot moved the hand slowly to one of the desired locations before each 
trial. Subjects then performed an effort task (eg. Flex at 30% MVC) in time with the 
onset/offset of a pseudorandom binary audio cue (90s trial duration; 9 ON periods of 3-
5s duration; 35s total ON time; OFF periods: 7s min). Subjects were to respond as 
quickly and accurately as possible to tone onset/offset. Subjects rested 60s between 
trials. 21 trials sampled all effort and position combinations for the coactivation task (15 
trials) along with 30% MVC elbow flexion / extension trials at the 3 targets sampling 
elbow active range of motion (6 trials). 
We fit time-delayed exponential models of EMG rise and fall to the measured data 
during each ON period to obtain 4 parameters (onset / offset reaction times, transition 
times between active / quiescent states); these were averaged within trials. Separate 4-
way, mixed model repeated measures ANOVA examined how group (SS, CS) effort 
(10%, 30%, 50%), task (flexion, extension, coactivation) and position influenced each 
parameter. SS were slower than CS for all parameters in all tasks, efforts and positions. 
Group-dependent delays were large (average: > 90ms). We found a main effect of task 
only in EMG offset transition time: termination of BIC/TRI coactivation was faster than 
either "individuated" single-muscle task. We found no effect of location or effort on any 
parameter and no interaction effects. Because signal processing delays tend to 
destabilize feedback control actions, improving EMG timing deficits after stroke may 
have functional benefits for tasks requiring stable interaction with the environment. 
  
Supported by NIH NCHDD R01053727 and a Way-Klingler MU faculty research 
award. 
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The whisker system in rats serves as an excellent experimental model of active sensing 
and touch. Several behavioral experiments indicate the essential role of the whiskers, 
and their scanning movements ('whisking') in spatial object localization by rodents. 
Whisking movements vary from rhythmic and synchronized to non-rhythmic or not 
synchronized patterns. It is believed that whisking is controlled by central pattern 
generators, which are under a strong influence of sensory feedback and internal control.  
Here we studied the effect of one type of sensory input on whisking – that of contact 
with external objects. We recorded the whisking kinematics of head fixed rats, using a 
high temporal resolution video camera. While the rat was whisking in free air, a single 
vertical pole was moved into either the left or right whisking field. We analyzed the 
effect of touch on whisking kinematics, on touching and not touching whiskers, at 
various timescales. The touching whisker often exhibited a brief pulse of significant 
velocity change very soon (10-27 ms) after contact. The feedback pulses tended to 
cluster in time in consequent whisking cycles. This suggests a possible transition 
between two modes, referring to high and low probability for a feedback pulse. Similar 
change in the whisking was seen in neighboring whiskers as well, indicating that the 
effect is not likely to be mechanical and is most likely mediated by neuronal circuits. 
The whisking amplitude on the non-touching side increased significantly after contact, 
but starting only on the cycle following the contact cycle. 
The contact therefore induces neuronal feedback effects on the contacting whisker as 
well as on non contacting whiskers. The fact that neighboring whiskers on the same side 
exhibit feedback effects within the contact cycle, while those on the contraleteral side 
only in the following cycle, suggests that bilateral feedback involve loops controlling 
bout variables whereas ipsilateral feedback involves loops controlling single cycle 
variables. 
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Research on visually guided reaching is consistent with a model including two distinct 
stages of motor planning. The first stage calculates the direction from hand to target; the 
second stage calculates the motor commands necessary to create a movement in the 
appropriate direction. To generate both the direction of movement and the appropriate 
motor commands, the motor system must estimate the hand location. Dissociation 
between the estimates used in these stages was achieved in earlier research by 
demonstrating a dissociation between the weight of visual and proprioceptive 
information: movement direction uses an estimate of hand position derived largely from 
visual information while motor commands use an estimate that depends more heavily 
on proprioception. 
  
Current theories of motor control suggest that estimates of hand position used during 
movement may be generated by a forward model of the motor system generated by the 
cerebellum. This raises the possibility that the two estimates of hand position used in the 
two stages of reaching movement are cerebellar in origin. The dissociation between the 
estimates may mean a dissociation in the part of the cerebellum generating each 
estimate. There is the possiblity that these two estimates could be dissociated 
neurologically. Our experiment tests these hypotheses.  Patients suffering from 
cerebellar degeneration and age-matched controls produced movements to visually 
presented targets using normal feedback of hand position and perturbed feedback of 
hand position. The pattern of errors that they made in movements to different targets 
was used to dissociate the components of the error that depends on the hand estimate 
used during determination of movement direction and the error that depends on the hand 
estimate used during generation of the motor command. The behavioral differences 
between cerebellar patients and controls were used to determine the degree of cerebellar 
involvement in generating these estimates of hand position. 
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General: Constrained motion refers to motion when one or more of the natural degrees 
of freedom of the system are restricted. Moving along a surface is semi-constrained 
since one can move away from the surface. Previous research that examined motion on 
a hemispherical surface found that such motion was characterized by bell-shaped 
velocity profiles and non-geodesic paths. However, how arm motion planning and 
control are affected by a hemispherical constraint is still an open question. We 
examined constrained motion on a hemisphere in a virtual environment using haptic 
feedback and in a real physical environment. We analyzed horizontal and vertical 
movements passing through the middle point of the hemispherical surface in order to 
investigate the interaction of gravity and the surface constraint and their effect on arm 
motion. 
Methods: Eleven healthy subjects (age 23-56) executed 20 horizontal and vertical 
movements in the Virtual environment. Subjects grasped the endpoint of a haptic device 
and were asked to make rapid movements between targets by sliding along the interior 
of a simulated, 25 cm-diameter hemisphere. The rim of the hemispherical surface was 
positioned in the subject’s frontal plane and was displayed on a computer screen 
situated approximately 2m from the subject. In the physical environment four healthy 
subjects (age 24-48) slid a conical, handle with a rounded tip against a real, rigid, 
hemispherical bowl in the same orientation as the virtual bowl described above. An ATI 
force sensor and Codamotion system measured the movement and applied force of the 
tool against the surface. Movement path was quantified by path directness (PD) 
measured as the distance between the target points divided by the measured path length, 
and orthogonal bias (OB), measured as the difference between negative and positive 
mean-square-error from a line projection on the hemisphere, divided by their sum.  
Results: Results showed that in the both environments horizontal movements tended to 
dip downwards, below the straight-line projection connecting the targets (negative OB). 
This tendency was larger in the physical environment. Vertical movements had OB 
close to zero and differed significantly from horizontal movements. The PD results 
showed that in the virtual environment the movements were close to the straight-line 
projection (PD=1) and vertical movements were significantly closer to the straight-line 
projection than horizontal movements. In the physical environment, PD was 
significantly smaller than in the virtual environment and, in contrast to the virtual 
environment, the horizontal movements were closer to the straight-line projection 
(larger PD) than vertical movements.  
Conclusions: The results suggest that gravity affected motion control differently in the 
two environments. This difference may be attributed to the larger moment acting on the 
tool in the physical experiment, to a difference in the sensation feedback, and perhaps to 
a difference in the dominant sensory feedback modality (force and vision).  
 
Acknowledgements: The research was partially supported by the Israel-France Research 
Networks Program in Neuroscience and Robotics.  
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Cerebellar Purkinje cells (PCs) have two distinct stable levels of membrane potential: 1. 
a hyper-polarized state (down state) devoid of simple spike �¿�U�L�Q�J�������������D���G�H�S�R�O�D�U�L�]�H�G���V�W�D�W�H��
(up state) characterized by a high simple spike firing rate. One key question regarding 
PC bistability is whether it is an intrinsic property of individual PCs or rather reflects an 
emergent state of the network. Slice recording of the input neurons of PCs – granule 
cells and molecular layer interneurons – show a unimodal distribution of their 
membrane potential. Our goal was to test this in the cerebellar cortex of anesthetized 
cat. Based on firing rate, activity regularity and recording location we characterized 
different groups of non-Purkinje cells. 
We tested cells in each group for evidence of bistability of the membrane potential. This 
was done by characterizing abrupt transitions between two different firing rates, in 
analogy with the long pauses that characterize extracellular recordings in PCs. Such 
transitions would imply a rapid transition between two different stable states of the 
neurons membrane dynamics, or else an amplification of the neuronal response to 
different input regimes. In either case, it would indicate that pauses in cerebellar PCs 
reflect a broader network phenomenon. This would increase the likelihood that the 
bistability of the PC membrane potential has functional meaning for the network in the 
cerebellar cortex. 
 
Supported by grant 624/06 of the Israeli Science Foundation and the Israel / Lower 
Saxony collaborative program.  
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Curious agents such as rats, humans and robots, move in order to learn as much as 
possible about themselves and their surroundings. They can learn without teachers, but 
rather actively probe their environment and autonomously deduce the relations between 
their actions' effects on the world and the resulting sensory input. Within the framework 
of active learning, the actions performed are determined by their contribution to 
learning. We present a curiosity-driven model of hierarchical motor-sensory loops for 
such an autonomous active learning agent. The model adaptively finds the best action 
that optimizes the agent's learning curve. Moreover, learning one motor-sensory 
mapping enables the learning of other mappings, thus increasing the extent and diversity 
of knowledge, usually in hierarchical manner. We demonstrate this principle by 
implementing reinforcement active learning to first learn the internal models of whisker 
motion and then extending them to object localization. The model predicts the 
appropriate behavior that first optimally learns the self-generated motor-sensory 
mapping and then ascertains an object location. 
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Contemporary theory of motor control posits that the sensorimotor transformations 
underlying reaching movements are continuously updated. Therefore, enabling 
successful performance in the presence of random drifts (e.g. fatigue), in addition to 
consistent alterations in the environment. However, which neuronal networks carry 
error signals, which networks are updated, and when, remains to be revealed. 
In analyzing the tuning properties of single units in the primary motor cortex (M1) of 
two monkeys (macaca fascicularis) performing a visually guided reaching task, we’ve 
discovered units that are tuned to the direction of the hand movement just performed, 
even one second after the movement has been completed. During this period, the hand 
was maintaining the hold position in the captured target. There were no new small 
volitional movements, and any postural jitter was not correlated with the direction of the 
movement just completed. Furthermore, this effect vastly outlasts the time constant of 
the autocorrelation of these units’ responses. Since or task was a continuous target-to-
target reaching task to 27 targets in 3D virtual space, we repeated the analysis only for 
the movements towards the central target. This eliminates any potential bias for the next 
trial’s movement direction, thus controlling for any effects of encoding for the statistics 
of our workspace. We present the relation of this effect to the units’ encodings during 
the trial, and summarize the distribution in the population. 
In conclusion, we believe to have discovered a memory trace in some M1 units for the 
movement just completed, even for a well-rehearsed task. Since this signal continues 
even after the reward was delivered, it may serve as a learning signal for the continual 
trial-by-trial maintenance of the underlying sensorimotor transformations. 
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Many daily tasks involve controlling and manipulating objects. While simple rigid 
objects, such as a hammer, are easily controlled (equivalent to controlling the hand), the 
control of objects with more complex dynamics and degrees of freedom is much more 
difficult.   
The goal in such hand-object movements is to affect a certain motion of the object while 
regulating contact forces creating a duality of motion and force control. Previous studies 
investigated the strategies used by humans to control one degree of freedom objects 
which was simulated by mass attached to a spring, suggesting models which minimize 
different cost function. Dingwell et al. [1] proposed minimizing object crackle while 
Svinin et al. [2] proposed minimizing hand jerk or hand driving force. These models are 
based on minimizing different state variables which might be coupled with different 
control strategy used by the human operator during the task. In the current study we 
wish to consider the control policies, and test the possibility that subjects use different 
control policies according with the environment.  
Five subjects participated in the experiment. Subject’s hand was virtually attached to a 
mass by spring using an augmented reality system which include Phantom Desktop® 
and operated by Sensegraphics H3D API. Subjects were instructed to move their hand, 
using the wrist joint, and control two cursors representing their hand and the object, 
such that both travel between two points. After learning the task we introduced delay 
between the human and the object. Using two minimum cost function models described 
above, we note that after learning, hand’s velocity profile was similar to the minimizing 
hand driving force model. Introducing delay caused the hand’s velocity profile to 
resemble the minimum hand jerk model. This change may indicate transition in the 
control strategy.  
Studying the effect of delay on object manipulation can be used as a tool to perturb and 
explore the motor system function, test hypotheses as to the control policies and 
facilitate the design of transparent teleoperation system. 
This research was supported by Grant No. 2007195 from the United States-Israel 
Binational Science Foundation (BSF), Jerusalem, Israel. 
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The human motor control system gracefully behaves in dynamic and time varying 
environment. Here we explore the predictive capabilities of the motor system in a 
simple motor task of lifting a series of virtual objects. When subjects lift an object they 
employ an expectation for the weight of the object to generate their motor command. 
Current models of motor learning employ learning algorithms which essentially expect 
the future to be similar to the previously experienced environment. In this study we 
asked subject to lift a series of increasing weights and wondered whether they will 
extrapolate and expect the next weight in the series even thought it was never 
experienced? The grip force (GF) at the beginning of the lifting task is a clean 
indication of the motor expectation, and was hypothesized to be generated by means of 
an internal forward model. In contrast to the motor learning literature asserting 
adaptation by means of expecting a weighted average of past experience, our results 
suggests that the motor system may predict the succeeding weight that follows a series 
of increasing weights.  This basic finding was recently reported by Mawase F, Karniel 
A (in press) Evidence for predictive control in lifting series of virtual objects. 
Experimental Brain Research.  Here we discuss and report the fit of a few 
computational models to predict the grip force at the next lifting in a stochastic 
environment and present preliminary results from two subjects with cerebral palsy, in 
which the prediction capabilities may be impaired. The grip force of these two subjects 
after each series of weights was similar to the average grip force, in contrast to the 
unimpaired individual who clearly generated larger grip forces in these trials 
extrapolating the increase they sensed in the previous trials. We believe that the ability 
to predict the future state of the motor system is feasible and essential for skilled 
movement, however, further studies are required to properly understand the control 
mechanism and its predictive nature.  
 
Key Words: Motor control, Internal models, Grip force, Motor memory, Predictive control. 
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Hand gesture based Human Machine Interface (HMI) systems are becoming popular, 
and user identification in such systems can greatly improve the user’s experience. User 
identification through various methods is currently implemented in some HMI systems. 
It is important for security purposes and also facilitates content adaptation. Common 
biometric methods include fingerprints and face recognition. In addition to the common 
methods, a field of behavior based methods called "Behaviometrics" is emerging, where 
profiles of speech, motion and other features allow the system to recognize users.  
The aim of this research is to identify a user according to the motion characteristics of a 
dynamic hand gesture. During video capture, the user's hand motion is tracked. 
Following the tracking phase, a Hermite polynomial interpolation is fitted to the hand 
trajectory. For each user, among a set of different users, a number of samples are 
collected and aligned to a mean shape before applying Principal Components Analysis 
(PCA) to obtain a PCA model asssociated with the user.  For a new gesture, the 
Mahalanobis distance to each of the user PCA models is used to determine which of the 
users performed the current gesture. 
In order to examine different gestures for the identification task, we performed an 
experiment in which 20 subjects were recorded performing 10 different gestures. Out of 
these 10 gestures, two gestures were chosen for user identification.  Preliminary results 
show an accuracy of 86%, where the system classified 3 users correctly in 6 out of 7 test 
samples. Future work includes accuracy improvement, examining new classification 
methods and new movement features such as trajectory and velocity profiles. An 
experiment with the number of users as a variable will also take place in order to find 
the maximum number of users the system can handle. 
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Background: Kinematic measures are commonly used to describe changes in 
performance as a result of rehabilitation interventions. Such measures may also be 
helpful in understanding motor control processes. The goal of the current research is to 
develop objective measures of motion quality and inter-joint coordination in reaching 
movements of stroke patients. Temporal coordination between arm joints in different 
configurations was previously assessed using the Temporal Coordination Index (TCI). 
In this study, we assessed spatiotemporal coordination between the arm joints by 
examining the arm plane, which is the plane defined by the shoulder, elbow and wrist. 
In line with TCI definitions, the Plane Angle Index (PAI) was defined using the phase-
plane of the angles between the normal to the arm plane and the vertical body direction. 
Methods: Sixteen right-hemiparetic stroke patients (age 46-87 years) and 8 healthy 
adults (age 51-73 years) performed 42 hand reaching movements towards 3 targets 
located at an extended-arm distance (sets of 21 movements were repeated twice).  Upper 
limb motion was recorded using a three-camera optoelectronic system. Reflective 
markers were attached to bony landmarks of the right arm and the trunk. Marker 
coordinates were collected for 150 s for each set at 100 Hz. 
Results: TCI analysis showed that while movements of healthy subjects were 
characterized by a high degree of temporal coordination (low TCI) patients showed 
deficits in temporal coordination (high TCI). The PAI time profile was similar for all 
healthy subjects. However, a high variability characterized the PAI profiles of patients.  
Conclusions: The PAI integrates both temporal and spatial motion aspects. The 
advantage of the PAI is that it describes variability of the structure of the arm movement 
in the temporal and spatial domain. Characterization of this variability may be a better 
descriptor of movement deficits in patients with stroke. This technique may provide 
useful information regarding the effectiveness of rehabilitation interventions  
Acknowledgements: Funded by the Israeli Ministry of Health (PWL, DGL), REPAR–
Quebec, Canada (MFL, PLW, DGL). TM was partially supported by the Israel-France 
Research Networks Program in Neuroscience and Robotics granted to SB, DGL. 
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During daily interaction with the world, the human brain constructs internal 
representations of the environment. These representations facilitate cognitive 
interpretation of the environment and generate motor commands for future interaction 
with the same environment. This is also the case when the interaction is with simulated 
environments, through haptic interfaces, and in teleoperation, where the remote  
environment is simulated at the local side by a robotic device. Teleoperation requires 
transmission of information from a distance, and therefore delay is unavoidable.  In the 
last few years, we have studied the effect of delay on perception of stiffness in linear 
spring-like fields and on action in contact with them. Interestingly, cognitive and 
motor representations of the world around us in general and of mechanical properties of 
objects in particular are not always mutually consistent. 
Telesurgery is a special case of teleoperation where the human operator is a surgeon, 
and the remote environment is the body of a patient. Mechanical interaction with soft 
tissue typically requires transition through a rigid nonlinear boundary followed by a 
movement inside underlying softer elastic material. Such force position relation is of 
special interest since it involves precise control around the boundary area.  
Here, we developed a new protocol to probe the effect on perception and action in the 
same experiment testing the effect of delay on a nonlinear environment which simulates 
needle insertion into soft tissue. We found that a nonlinear boundary region causes both 
psychometric and motor overestimation of stiffness, and that delay causes motor but not 
psychometric underestimation of the stiffness of this nonlinear soft tissue. We show that 
by changing the teleoperation channel gain it is possible to reduce and even cancel the 
motor effect of delay. In addition, we present an analysis of the kinematics of 
movements around the point of transition between the boundary and the soft tissue with 
and without delay and discuss possible implications for understanding the control 
strategies around boundaries. 
  
This research was supported by the Binational United States Israel Science Foundation 
and by NINDS grant 2R01NS035673. IN is supported by the Kreitman and Clore 
fellowships. 
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Humans have the extraordinary ability to effectively compensate unforeseen errors 
while performing a variety of motor tasks, even when the real time error correction 
itself was not explicitly trained. This highlights that the control of movement, even in 
relatively fast movements, is generated by feedback as well as feedforward control 
mechanisms. Both mechanisms are adaptive depending on sensory  information about 
the arm and the controlled environment. Therefore,  the automatic fast corrections are 
likely updated during the learning process, in a way that reflects the rules and goals of 
the new task.  
 We tried to understand the relationship between the feedforward and feedback control 
mechanisms. Do they adapt separately or share the same information about the arm and 
the environment? Does feedforward motor adaptation automatically change the 
feedback response? In order to address these questions, we asked subjects to perform 
point to point reaching movements under a visuomotor rotation. After sufficient 
training, we introduced unexpected target jumps to probe the possible adaptation of the 
feedback response. 
 Preliminary results indicate that both feedback and feedforward controllers adapt 
together when some visual feedback is provided during the movement. We discuss the 
possible conditions in which the controllers might act separately. Then we describe data 
for conditions in which we didn't provide continuous feedback information during the 
movement and provided only terminal knowledge of the results. In contrast to previous 
studies, our subjects did not adapt to the visuomotor rotation in these conditions, even 
after hundreds of reaching movements.  
We suspect that the lack of adaptation is related to the number of targets appeared in the 
experiment. In fact, we consider the possibility that there is no generalization in 
visuomotor adaptation when providing only terminal knowledge of results. Therefore 
we have developed a force-field-adaptation-like model that can mimic the time series 
dynamics of errors observed in our experiments.  We present our preliminary attempt to 
test this hypothesis by comparing the width of the model primitives in different 
conditions that differ in the number of targets: 4, 8, 16 and 32 targets protocols. 
 Acknowledgements:  The computational motor control laboratory is supported by the 
Ministry of Science, Culture and Sport, Israel; the United States – Israel Bi-National 
Science Foundation (BSF), Jerusalem, Israel; and the National Science Foundation 
(ISF), Israel.  
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A powered wheelchair is an important assistive device for spinal cord injured (SCI) 
individuals. A properly controlled powered wheelchair provides for independence and 
mobility. Unfortunately, many SCI survivors, especially with tetraplegia, find their 
powered wheelchairs difficult to control. The limited adjustability of existing control 
interfaces (e.g. joysticks, sip-and-puff/head-array switches) is a major obstacle for 
people with limited arm mobility. Our overall objective is to develop a new method for 
controlling a powered wheelchair, which will (1) automatically adjust the wheelchair 
interface while in use, and (2) tap into hidden reserves of control signals that may not be 
accessible with standard interfaces. Achieving the latter goal involves the capturing of 
body motions, and more specifically, the motions of shoulders and upper arms. In the 
current set up tracking is done using optical markers or accelerometers.  Since the 
location of the sensors may change from day to day, frequent calibration of the control 
system may be needed. This necessitates an automatic recalibration method that will 
operate while the users go by their everyday activities, and will ensure proper mapping 
of the users’ instructions to wheelchair commands. In order to allow for automatic 
ongoing recalibration, one needs to infer whether the behavior of the wheelchair is not 
the behavior that was intended by the user. Without explicit knowledge about the user’s 
intention this can be achieved by automatically identifying kinematics and control 
patterns that follow the occurrence of errors between the user’s intentions and the actual 
device movement. The goal of this work is to investigate if it is possible to identify 
control errors in an unsupervised environment.  
We have made a preliminary step in identifying control errors. In an experimental setup 
healthy subjects were trained to track a moving target by changing the position of their 
shoulders and upper arms. The motion of these body parts was translated to a motion in 
a virtual environment. At occasional (roughly every 10 seconds) time points a random 
rotation was introduced between the body motion (shoulder and upper arm movement) 
and the control signal.  Subjects had to correct their posture in order to account for the 
change. We show that using the spectrogram of the body motion signal it is possible to 
detect these corrections and differentiate them from the “standard” steering commands. 
The reliable detection of corrective maneuvers is the first step toward the development 
of an automatic, on-the-fly recalibration system. 
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In visuo-tactile sensory substitution, the sense of touch is used as a channel for 
transmitting information that is usually acquired by vision. Existing sensory substitution 
devices for visually impaired people have met with mixed success. Most vision-to-touch 
devices are built with the assumption that acquisition device (e.g., video camera) and 
the tactile actuation device can be carried by any body part. Based on our experiments 
on motor-sensory loops with rodents and humans we challenged this assumption and 
asked whether actuator's location should be coordinated with that of the acquisition 
device. Using two specialized tactile computer mice, which translate visual images from 
a computer screen to tactile patterns on the fingers, we tested human volunteers in a 
series of substitution tasks. In all tasks visual images were presented on an unseen 
screen. The sensory information arrived at one hand, which either moved the cursor on 
the screen (similar to natural tactile sensing) or did not move (similar to typical sensory-
substitution devices). All tasks were solvable in both conditions, but with a significant 
temporal cost (up to 50%) when the sensory information was acquired with the non-
moving hand. This cost depended on the level of sensory-motor coupling of the task and 
did not disappear even after extensive training. Task dependency of these temporal 
delays may constrain models of central processing of touch in general and of vision-to-
touch substitution in particular. Specifically, most of the temporal costs cannot be 
accounted for by the inter-hemispheric transfer time since artificial insertion of time 
delay to the sensory-motor loop does not reproduce the seen temporal cost, and 
therefore indicate close motor-sensory interactions within each hemisphere. 
This work was supported by the EU FP7 BIOTACT project grant (ICT-215910) and 
Israeli Science Foundation, Grants No.959/06  
A.S is supported by the Adams Fellowship Program of the Israel Academy of Sciences 
and Humanities. 
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A mechanistic description of the generation of whisker movements is essential for 
understanding the control of whisking and vibrissal active touch. We explore how 
facial- motoneuron spikes are translated, via an intrinsic muscle, to whisker movements. 
This is achieved by constructing, simulating and analyzing a computational, 
biomechanical model of the motor plant, and by measuring spiking to movement 
transformations at small and large angles using high-precision whisker tracking in vivo. 
Our measurements revealed a supra-linear summation of whisker protraction angles in 
response to consecutive motoneuron spikes with moderate inter-spike intervals 
(5ms<&#916;t<30ms). This behavior is explained by a nonlinear transformation from 
intracellular changes in Ca2+ concentration to muscle force. Our model predicts the 
following spatial constraints: (i) Contraction of a single intrinsic muscle results in 
movement of its two attached whiskers with different amplitudes; the relative 
amplitudes depend on the resting angles and on the attachment location of the intrinsic 
muscle on the anterior whisker. Counter-intuitively, for a certain range of resting angles, 
activation of a single intrinsic muscle can lead to a retraction of the posterior whisker of 
the pair. (ii) When a whisker is pulled by its two adjacent muscles with similar forces, 
the protraction amplitude depends only weakly on the resting angle. (iii) Contractions of 
two adjacent muscles sums up linearly for small amplitudes and supra-linearly for larger 
amplitudes. The model provides a direct translation from motoneuron spikes to whisker 
movements and can serve as a building block in closed loop motor-sensory models of 
active touch. 
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Acquisition of motor skills is slow and in many instances reaches an asymptotic level 
below the 100% level. An example is the curtailed acquisition of the cerebellum-based 
eyeblink response in the rat, in which, performance is far from perfect even after 
exposure to hundreds of paired CS-US trials. Acquisition can be facilitated, however, by 
increasing either the physical intensity of the CS or the saliency of the CS event. These 
manipulations most likely increase the signal to noise ratio (SNR) of the neuronal 
response to the CS in the pontine pre-cerebellar nuclei (PN), which convey the CS 
signal to the cerebellum. Increased SNR facilitates in turn the cerebellar plasticity and 
the acquisition of the eyeblink response to the CS. Given the above reasoning, 
acquisition of the eyeblink response should be facilitated also by applying the CS 
selectively on spontaneous PN activity that promotes a response with a high SNR. We 
recorded multiple unit activity (MUA) and found that delivery of a tone-CS on low-
amplitude and asynchronous PN background increases the SNR of the PN reactivity to 
the CS, calculated as the difference between activity after and before the CS onset. We 
then recorded the MUA in the PN during paired tone-CS/periorbital-US conditioning 
trials. Spontaneous MUA was analyzed online and the CS was delivered either on a 
background of low and asynchronous PN activity (timed group) or in a yoked timing 
with no regard for the spontaneous PN activity (random group). Periorbital EMG served 
to detect the conditioned eyeblink responses. Results showed that delivery of the CS on 
a low-amplitude and  asynchronous PN background vs. random CS delivery, triggered 
PN responses with higher SNR and higher asymptotic levels of conditioned eyeblink 
responses, i.e., 59% vs. 29%, respectively. In conclusion, we described a specific state 
in the pre-cerebellar input, during which sensory stimuli trigger neuronal responses with 
high SNR. Increased SNR implies in cognitive terms, enhanced saliency of the sensory 
stimuli and in behavioral terms, facilitated motor conditioning.   
 
 
 
 


