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Abstract—New motion capture technologies are allowing de-
tailed, precise and complete monitoring of movement through
real-time kinematic analysis. However, a clinically relevant un-
derstanding of movement impairment through kinematic analysis
requires the development of computational models that integrate
clinical expertise in the weighing of the kinematic parameters.
The resulting kinematics based measures of movement impair-
ment would further need to be integrated with existing clinical
measures of activity disability. This is a challenging process
requiring computational solutions that can extract correlations
within and between three diverse data sets: human driven
assessment of body function, kinematic based assessment of
movement impairment and human driven assessment of activity.

We propose to identify and characterize different sensorimotor
control strategies used by normal individuals and by hemiparetic
stroke survivors acquiring a skilled motor task. We will use novel
quantitative approaches to further our understanding of how
human motor function is coupled to multiple and simultaneous
modes of feedback. The experiments rely on a novel interactive
tasks environment developed by our team in which subjects are
provided with rich auditory and visual feedback of movement
variables to drive motor learning. Our proposed research will
result in a computational framework for applying virtual infor-
mation to assist motor learning for complex tasks that require
coupling of proprioception, vision audio and haptic cues. We
shall use the framework to devise a computational tool to assist
with therapy of stroke survivors. This tool will utilize extracted
relationships in a pre-clinical setting to generate effective and
customized rehabilitation strategies.

I. INTRODUCTION

Smart, Evidence Based, Neurorehabilitaiton involves the
well-informed selection and continuous customization of ther-
apy for each patient based on the best available evidence [1].
Relevant information from scientific research must be com-
bined with the following features: (a) a well-grounded prog-
nosis of functional improvement for each patient, (b) holistic
understanding of patient preference and learning approaches
and (c) continuous integrated monitoring of patient progress
across the key domains of the World Health Organization
International Classification of Functioning model (ICF). The
ICF places influences on disability into four distinct categories:
Patho-physiology of the Health Condition, Impairment at the
Body Function/Structure level, Disability at Activity level and
Handicap in the Participation level [2]. There are a number of
validated clinical measures for assessing (monitoring) impair-
ment at the body function/structure level [2]. For example, the
Fugl-Meyer scale [3] measures strength of limb parts, isolated
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joint motion, spasticity, and other motor aspects that influence
the movement of stroke survivors. There are a considerable
number of clinical measures for evaluating disability at the
activity level. For example the TEMPA scale [4] measures the
ability of stroke survivors to complete a selection of indicative
functional tasks (key turning, jar opening etc). New embedded
technologies are making possible the increased monitoring of
daily life activities (Participation) [5]–[7]. Advances in brain
imaging are improving monitoring options of relevant brain
activation patterns (Health Condition) [8]–[10].

However, there does not exist a framework for integrating
the outcomes of these measuring instruments into a holistic
assessment of the effect of a chosen movement therapy on
a patient. Integrative evaluation of body function/structure
(movement impairment) and activity (task completion) must
be the first step towards holistic movement rehabilitation
assessment. Integrated understanding of movement impairment
and task completion will allow clinicians to determine whether
motor relearning is based on reacquisition of elemental motor
elements (recovery) or adaptation of remaining motor elements
(compensation) [2]. The need for integrative evaluation has
recently lead to the creation of clinical measures that evaluate
both task accomplishment and movement impairment (i.e Wolf
Motor Function test [11]).

A. The Need for Integrated Computational Assessment
Established and newer clinical assessment measures rely

on human observation. However, it is impossible for even
an experienced human expert to monitor in real time (while
the patient is performing a task) all aspects of movement
quality and their interactions with precision. This leads to
coarse, imprecise and incomplete measurements of movement
impairment [1], [2], [12]. New motion capture technologies
are allowing detailed, precise and complete monitoring of
movement through real-time kinematic analysis. However, a
clinically relevant understanding of movement impairment
through kinematic analysis requires the development of com-
putational models that integrate clinical expertise in the weigh-
ing of the kinematic parameters [12], [13]. The resulting
kinematics based measures of movement impairment would
further need to be integrated with existing clinical measures
of activity disability. This is a challenging process requiring
computational solutions that can extract correlations within
and between three diverse data sets: human driven assessment
of body function, kinematic based assessment of movement
impairment and human driven assessment of activity.

The challenge is made harder by the large variance in
patient populations and differences in assessor approaches.
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Neurological disorders (resulting from disease or injury) vary
in terms of severity and effects on patients’ body function
and activity. Different patients also have different therapy
preferences, learning styles and learning rates. This means
that the hierarchy and weights of movement elements to
be treated for each patient will vary and learning progress
may also vary. Therefore, the network of correlations within
and between assessment measures will also vary for each
patient. Furthermore, human driven clinical assessments shows
the typical small variances that result from the training and
preferred methodology of each assessor [14].

B. Our Approach
We propose to identify and characterize different sensori-

motor control strategies used by normal individuals and by
hemiparetic stroke survivors acquiring a skilled motor task.
We will use novel quantitative approaches to further our
understanding of how human motor function is coupled to
multiple and simultaneous modes of feedback, just as humans
experience the physical world. The experiments rely on a
novel interactive tasks environment developed by our team
[15], in which subjects are provided with rich auditory and
visual feedback of movement variables to drive motor learning
(ref. Fig. 1). The system is capable of providing concurrent
online information about errors in both extrinsic (spatial) and
intrinsic (joint) coordinates. Our pilot studies have shown that
such augmented feedback can substantially enhance recovery
of motor function in stroke survivors [16], [17].

We propose to determine the relative contribution of several
sensorimotor control strategies used in developing skilled
motor behavior (e.g. how particular sensory channels con-
veying feedback signals are used to minimize intrinsic and/or
extrinsic errors, which characterizes learning) first in normal
controls then in stroke survivors. We will then determine
whether different training regimens, for example engaging
one or another previously identified sensorimotor strategy, are
optimal for different subjects or subject groups. We will finally
develop a general computational framework for extracting
specific sensorimotor strategies employed to perform the task
in each subject and for providing each subject with customized
multisensory and multidimensional information to assist motor
learning of complex motor tasks and operational demands.

Our proposed research will result in a computational frame-
work for applying virtual information to assist motor learning
for complex tasks that require coupling of proprioception,
vision audio and haptic cues. We shall use the framework
to devise a computational tool to assist with therapy of
stroke survivors. This tool will utilize extracted relationships
in a pre-clinical setting to generate effective and customized
rehabilitation strategies. These strategies will then be applied
in clinical and home-based settings. In general, the frame-
work will facilitate the development of intelligent interactive
environments where virtual information assists the learning of
challenging movement tasks (i.e. telecontrol, rehabilitation).

II. CONTEXT: AN INTERACTIVE MULTIMODAL SYSTEM

We have determined a set of high-level design guidelines
for the construction of interactive feedback for assisting motor

learning. The guidelines incorporate important principles of
information processing used in the arts (visual arts, music and
dance), cognitive science and in neural control. The guide-
lines assist the specification of appropriate sensory modality
(visual, auditory, haptic) for both explicit and implicit cues
and the integration of multiple concurrent sensory streams.
The guidelines allow for manipulation of the time structure
(synchronous or asynchronous, discrete or continuous) of sub-
ject interactivity and provide the ability to define usage goals
for the information stream (e.g. for feedback or feed-forward
adjustments, contextual switching). The guidelines promote
the creation of coherence between movement and digital
feedback through an action representation and the balancing
of representational and abstract digital feedback elements to
achieve various levels of distancing during training. Finally,
the guidelines provide rules for online changes (adaptation)
of the interactive feedback so as to maintain interest, avoid
forming of dependencies and promote customized learning.

Fig. 1: A subject interacting with our system

We have developed an interactive system that applies these
principles and have successfully used the system in the specific
scenario of upper extremity stroke rehabilitation. The system
provides multiple concurrent feedback streams allowing for
integrated training of multiple movement components. The
feedback denotes performance error and direction for improve-
ment and can be provided over single task trials or multiple
epochs. We are able to use consistent feedback mappings
across different tasks thus promoting generalized learning.
The virtual feedback elements have intrinsic reward value to
motivate users. Furthermore, we have developed an innovative
computational framework to support our interactive system.
The computational framework currently has two key compo-
nents: a computational index to measure learning in terms of
kinematic performance and, algorithms to extract correlations
between significant variables of kinematic performance and
feedback. We are currently extending the latter by monitoring
brain activity patterns through EEG during the interactive
learning process though in anticipation of adding this as a
third class of variables.

Our full-scale, stroke patient rehabilitation system works in
real-time, using an array of 11 high-speed infrared cameras
that track reflective markers on the patients arm. We have
dedicated sub-systems for motion analysis, audio and visual
feedback, system adaptation and archiving. This system has
been successfully set up in Banner Baywood Hospital since
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spring 2009, and is being used to train patients. Eleven stroke
survivors have been trained using our system and have shown
substantial improvement in movement quality [16], [17]. Our
system demonstrated improvement in both movement quality
and clinical scores [16]. Furthermore, larger improvements in
movement quality are seen during tasks where feedback is
present when compared to tasks for which no feedback is
provided [18], [19].

In this paper, we propose a computational framework for
constructing interactive feedback via an integrative assessment
of movement impairment, body function and activity. The two
key components of the framework will be the kinematics based
evaluation of movement impairment and the extraction of cor-
relations between the computational assessment of movement
impairment and the human expert (clinician) assessment of
body function and activity. In recent work, we have developed
a computational assessment of movement impairment [20].

III. LEARNING HIGHER-ORDER RELATIONSHIPS

We propose to identify effective sensorimotor control strate-
gies being used by each subject through the extraction of
ternary relationships amongst sustained kinematic perfor-
mance improvement indicative of motor learning, specific
combinations of audio visual feedback and brain reorganiza-
tion patterns monitored through EEG. We propose to learn
higher order relationships between these multiple variables via
sparse inverse covariance estimation. Sparse inverse covari-
ance estimation technique has been successfully applied for
learning biological and brain networks [21]–[23]. However, it
assumes a Gaussian distribution of the data, which may not
be the case in our data. We propose to employ the sparse
regression approach for estimating the relationships and their
strengths. A linear regression model estimates the interaction
between a specific variable and the remaining variables.

Estimating invariant relationships and their strengths is
inherently ill-posed; an infinite number of solutions exist. This
is a fundamental challenge in regression-based models. We
hypothesize that a variable interacts with a small number of
variables in the sparse high-dimensional data. This suggests
that the variables are sparsely connected. A sparsity constraint,
imposed by applying an appropriate regularization, leads to
sparse solutions. In particular, it has been shown that L1-norm
regularized regression model leads to sparse solutions [24].
Furthermore, with the sparse regression model for infer-
ring relationships, it has been recently shown that consistent
neighborhood selection can be obtained under certain mild
conditions [25], [26]. In this research, we plan to solve sparse
regression using our SLEP package (Sparse Learning with
Efficient Projections) [27]. The algorithms in SLEP achieve
the optimal convergence rate among all first-order methods
and scale to high-dimensional data.

IV. LEARNING STRATEGIES FOR INTERACTIVE LEARNING

Developing an interactive and computational training strat-
egy requires us to use the higher order relations indicative
of effective sensorimotor control strategies (via sparse inverse

covariance estimation), and training sequences developed by
a domain expert (instructor).

Our methodology for developing training sequences will use
a tree representation that establishes a hierarchy of components
of the task. The tree representation denotes the interrelation-
ship of the components and their relationship to the task
goal. We turn this representation into a learning methodology
by applying the principles of methods for learning musical
instruments (Arban, Suzuki etc). We develop an exercise per
task component, which requires a certain level of mastery of
that component before the learner can advance. We combine
lower-level exercises to create higher-level exercises, which
are more complex. We do so, until the full complex task is
learned. Alternative types of exercises are given for each task
component since each learner is different. The possible inter-
active feedback combinations for each exercise are selected
based on our established guidelines. All exercises and tasks
teach skills which generalize across different task contexts.
During the experiments for developing computational training
strategies the domain expert (instructor) will utilize the rate
of change of the indicative relationship strength to adapt the
feedback elements for each exercise and the sequences of
exercises (tree path) to facilitate learning for each subject.

The resulting training sequences, including adaptations to
the interactive feedback and rates of change of relationship
strengths, will help develop the computational strategy. Devel-
oping a computational strategy is challenging due to three rea-
sons: (a) the number of variables in the strategy space is very
large; (b) the training data is sparse; (c) human subjects can
vary, often significantly, in their motor learning patterns. We
propose to tackle the computational challenges in the follow-
ing ways. The sub-task training sequence can be modeled as a
Conditional Random Field [28]–[30], where the transition to
the next training sub-task depends upon prior sub-task as well
as fully observable ternary relationships, including the rates of
change for each relationship. We shall also investigate the use
of Boosted Random Fields [31], and other dynamic Bayesian
representations that incorporate context [32]. Learning to adapt
the environment, given a sub-task, involves determining the
interactive feedback parameters. We plan to improve upon our
previous work dynamic decision networks [33] and related
work on Partially Observable Decision Markov Process [34],
[35]. We plan to address dimensionality and data sparsity
challenges in two ways: clustering adaptation variables and
developing Dynamic Decision Networks (DDN’s) for each
cluster, developing a utility function for choosing amongst
several adaptation candidates.

V. CONCLUSIONS AND FUTURE WORK

The resulting computational framework will have significant
impact on advancing smart neurorehabilitation. The frame-
work will allow computer assisted, continuous customization
of therapy based on the best available evidence. Since the
framework can be applied across many studies, it will promote
comparative evaluation of the results of the studies, facilitate
communication amongst researchers and establish a significant
body of common evidence that can be used for the selection
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and customization of therapy. Currently, different types of
clinical scales are being used across the many rehabilitation
studies making it hard to produce common evidence [1].

The network of correlations within and between the three
types of assessments measures is large and complex. We plan
to develop, as part of future work, computational methods to
extract and present only significant correlations and changes
for each patient. A useful framework must offer relevant
summarizations of changes in the assessment network over
multiple time-scales. Finally, the framework requires an in-
teractive visualization interface that allows the therapist to
easily access relevant assessment information for each patient
at multiple time scales, within and across measures.

REFERENCES

[1] G. Kwakkel, “Towards integrative neurorehabilitation science,” Physio-
ther Res Int, vol. 14, no. 3, pp. 137–146, 2009.

[2] M. F. Levin, J. A. Kleim, and S. L. Wolf, “What do motor ”recovery” and
”compensation” mean in patients following stroke?” Neurorehabilitation
and Neural Repair, vol. 23, no. 4, pp. 313–319, 2009.

[3] A. Fugl-Meyer, L. Jaasko, I. Leyman, S. Olsson, and S. Steglind, “The
poststroke hemiplegic patient. 1. a method for evaluation of physical
performance,” Scand J Rehab Med., vol. 7, no. 13-31, 1975.

[4] D. J, H. R, B. G, and D. E., “Upper extremity performance test for
the elderly (tempa): normative data and correlates with sensorimotor
parameters. test evaluation des membres superieurs de personnes agees.”
Arch Phys Med Rehabil., vol. 76, pp. 1125–1129, 1995.

[5] P. Bonato, R. Hughes, D. Sherrill, R. Black-Schaffer, M. Akay, B. Knorr,
and J. Stein, “Using wearable sensors to assess quality of movement after
stroke,” 65th Annual Assembly American Academy of Physical Medicine
and Rehabilitation; October 7-9; Phoenix (Arizona), 2004.

[6] P. Bonato, “Advances in wearable technology and applications in phys-
ical medicine and rehabilitation,” Journal of NeuroEngineering and
Rehabilitation, vol. 2, no. 1, p. 2, 2005.

[7] S. Patel, K. Lorincz, R. Hughes, N. Huggins, J. Growdon, D. Standaert,
M. Akay, J. Dy, M. Welsh, and P. Bonato, “Monitoring motor fluc-
tuations in patients with parkinson’s disease using wearable sensors,”
Information Technology in Biomedicine, IEEE Transactions on, vol. 13,
no. 6, pp. 864–873, 2009.

[8] J. Leon-Carrion, J. F. Martin-Rodriguez, J. Damas-Lopez, J. M. Bar-
roso y Martin, and M. R. Dominguez-Morales, “Delta-alpha ratio
correlates with level of recovery after neurorehabilitation in patients
with acquired brain injury,” Clinical Neurophysiology, vol. 120, no. 6,
pp. 1039–1045, 2009.

[9] Y. Fang, J. J. Daly, J. Sun, K. Hvorat, E. Fredrickson, S. Pundik,
V. Sahgal, and G. H. Yue, “Functional corticomuscular connection dur-
ing reaching is weakened following stroke,” Clinical Neurophysiology,
vol. 120, no. 5, pp. 994–1002, 2009.

[10] D. J. Serrien, L. H. A. Strens, M. J. Cassidy, A. J. Thompson, and
P. Brown, “Functional significance of the ipsilateral hemisphere during
movement of the affected hand after stroke,” Experimental Neurology,
vol. 190, no. 2, pp. 425–432, 2004.

[11] S. Wolf, P. Catlin, M. Ellis, A. Archer, B. Morgan, and A. Piacentino,
“Assessing wolf motor function test as outcome measure for research in
patients after stroke,” Stroke, vol. 32, pp. 1635–1639, 2001.

[12] L. Piron, P. Tonin, F. Piccione, V. Iaia, E. Trivello, and M. Dam, “Virtual
environment training therapy for arm motor rehabilitation,” Presence:
Teleoperators & Virtual Environments, vol. 14, pp. 732–740, 2005.

[13] J. Krakauer, “Motor learning: its relevance to stroke recovery and
neurorehabilitation,” Curr Opin Neurol, 2006.

[14] S. L. Wolf, D. E. Lecraw, L. A. Barton, and B. B. Jann, “Forced use
of hemiplegic upper extremities to reverse the effect of learned nonuse
among chronic stroke and head-injured patients,” Exp Neurol., vol. 104,
no. 2, pp. 125–132, 1989.

[15] Y. Chen, H. Sundaram, T. Rikakis, L. Olson, T. Ingalls, and J. He,
Experiential Media Systems - The Biofeedback Project, in Multimedia
Content Analysis: Theory and Applications. Springer Verlag,, 2008.

[16] Y. Chen, M. Duff, N. Lehrer, S.-M. Liu, P. Blake, S. L. Wolf, H. Sun-
daram, and T. Rikakis, “A novel adaptive mixed reality system for stroke
rehabilitation: Principles, proof of concept and preliminary application
in two patients,” Topics in Stroke Rehabilitation, 2010.

[17] M. Duff, Y. Chen, S. Attygalle, J. Herman, H. Sundaram, G. Qian, J. He,
and T. Rikakis, “An adaptive mixed reality training system for stroke
rehabilitation,” IEEE Transactions on Neural Systems and Rehabilitation
Engineering, vol. 18, pp. 531–541, submitted 2009-03-17 2010.

[18] N. Lehrer, S. Attygalle, S. L. Wolf, and T. Rikakis, “Exploring the
bases for a mixed reality stroke rehabilitation system, part i: A unified
approach for representing action, quantitative evaluation, and interactive
feedback,” accepted by Journal of NeuroEngineering and Rehabilitation,
2011.

[19] ——, “Exploring the bases for a mixed reality stroke rehabilitation sys-
tem, part ii: Design of interactive feedback for upper limb rehabilitation,”
accepted by Journal of NeuroEngineering and Rehabilitation, 2011.

[20] Y. Chen, M. Duff, N. Lehrer, H. Sundaram, J. He, S. L. Wolf, and
T. Rikakis, “A computational framework for quantitative evaluation of
movement during rehabilitation,” in accepted to appear in International
Symposium on Computational Models for Life Sciences.

[21] O. Banerjee, L. E. Ghaoui, and A. d’Aspremont, “Model selection
through sparse maximum likelihood estimation for multivariate gaussian
or binary data,” Journal of Machine Learning Research, vol. 9, pp. 485–
516, 2008.

[22] S. Huang, J. Li, L. Sun, J. Ye, A. Fleisher, T. Wu, K. Chen, and
E. Reiman, “Learning brain connectivity of alzheimer’s disease by sparse
inverse covariance estimation,” NeuroImage, vol. 50, pp. 935–949, 2010.

[23] J. Friedman, T. Hastie, and R. Tibshirani, “Sparse inverse covariance
estimation with the graphical lasso,” Biostatistics, vol. 8, no. 1, pp. 1–
10, 2007.

[24] R. Tibshirani, “Regression shrinkage and selection via the lasso,” Jour-
nal of the Royal Statistical Society: Series B, vol. 58, no. 1, pp. 267–288,
1996.

[25] N. Meinshausen and P. Buhlmann, “High-dimensional graphs and vari-
able selection with the lasso,” Annals of Statistics, vol. 34, no. 3, pp.
1436–1462, 2006.

[26] P. Ravikumar, M. J. Wainwright, and J. Lafferty, “High-dimensional
ising model selection using l1regularized logistic regression,” Annals of
Statistics, vol. 38, no. 3, pp. 1287–1319, 2010.

[27] J. Liu, S. Ji, and J. Ye, “Slep: Sparse learning with efficient projections,”
2009.

[28] A. Quattoni, S. Wang, L. P. Morency, M. Collins, and T. Darrell, “Hidden
conditional random fields,” Pattern Analysis and Machine Intelligence,
IEEE Transactions on, vol. 29, no. 10, pp. 1848–1852, 2007.

[29] P. A. Ardis and C. M. Brown, “Using conditional random fields for
decision-theoretic planning,” Awaji Island, Japan, pp. 126–136, 2009.

[30] C. Sutton, A. McCallum, and K. Rohanimanesh, “Dynamic conditional
random fields: Factorized probabilistic models for labeling and segment-
ing sequence data,” J. Mach. Learn. Res., vol. 8, pp. 693–723, 2007.

[31] A. Torralba, K. Murphy, and W. Freeman, “Contextual models for object
detection using boosted random fields.” MIT Press, 2004, pp. p. 1401–
1408.

[32] A. Torralba, K. P. Murphy, and W. T. Freeman, “Using the forest to see
the trees: exploiting context for visual object detection and localization,”
Commun. ACM, vol. 53, no. 3, pp. 107–114, 2010.

[33] Y. Chen, W. Xu, H. Sundaram, T. Rikakis, and S.-M. Liu, “A dynamic
decision network framework for online media adaptation in stroke
rehabilitation,” ACM TOMCCAP, vol. 5, no. 1, pp. 1–38, 2008.

[34] G. Theocharous, K. Murphy, and L. P. Kaelbling, “Representing hierar-
chical pomdps as dbns for multi-scale robot localization,” 2004.

[35] G. Theocharous and L. P. Kaelbling, “Approximate planning in pomdps
with macro-actions,” 2004.

1402


	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

