
02 INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.C.a. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).

Christopher G Atkeson



02 INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.C.a. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).

Jessica   Hodgins



02 INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.C.a. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).

Patrick J Loughlin



02 INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.C.a. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).

Arash   Mahboobin



02 INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.C.a. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).

Mark S Redfern
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CERTIFICATION PAGE

Certification for Authorized Organizational Representative or Individual Applicant:

By signing and submitting this proposal, the Authorized Organizational Representative or Individual Applicant is: (1) certifying that statements made herein are true and complete to the best 
of his/her knowledge; and (2) agreeing to accept the obligation to comply with NSF award terms and conditions if an award is made as a result of this application. Further, the applicant is 
hereby providing certifications regarding debarment and suspension, drug-free workplace, lobbying activities (see below), responsible conduct of research, nondiscrimination, and flood hazard 
insurance (when applicable) as set forth in the NSF Proposal & Award Policies &  Procedures Guide, Part I: the Grant Proposal Guide (GPG) (NSF 10-1). Willful provision of false information 
in this application and its supporting documents or in reports required under an ensuing award is a criminal offense (U. S. Code, Title 18, Section 1001).

Conflict of Interest Certification 

In addition, if the applicant institution employs more than fifty persons, by electronically signing the NSF Proposal Cover Sheet, the Authorized Organizational Representative of the applicant 
institution is certifying that the institution has implemented a written and enforced conflict of interest policy that is consistent with the provisions of the NSF Proposal & Award Policies & 
Procedures Guide, Part II, Award & Administration Guide (AAG) Chapter IV.A; that to the best of his/her knowledge, all financial disclosures required by that conflict of interest policy have 
been made; and that all identified conflicts of interest will have been satisfactorily managed, reduced or eliminated prior to the institution’s expenditure of any funds under the award, in 
accordance with the institution’s conflict of interest policy. Conflicts which cannot be satisfactorily managed, reduced or eliminated must be disclosed to NSF.

Drug Free Work Place Certification 

By electronically signing the NSF Proposal Cover Sheet, the Authorized Organizational Representative or Individual Applicant is providing the Drug 
Free Work Place Certification contained in Exhibit II-3 of the Grant Proposal Guide.

Debarment and Suspension Certification                   (If answer "yes", please provide explanation.)

Is the organization or its principals presently debarred, suspended, proposed for debarment, declared ineligible, or voluntarily excluded 
from covered transactions by any Federal department or agency?             Yes                                    No        

By electronically signing the NSF Proposal Cover Sheet, the Authorized Organizational Representative or Individual Applicant is providing the 
Debarment and Suspension Certification contained in Exhibit II-4 of the Grant Proposal Guide.

Certification Regarding Lobbying
The following certification is required for an award of a Federal contract, grant, or cooperative agreement exceeding $100,000 and for an award of a Federal loan or a commitment providing 
for the United States to insure or guarantee a loan exceeding $150,000.

Certification for Contracts, Grants, Loans and Cooperative Agreements
The undersigned certifies, to the best of his or her knowledge and belief, that:
(1) No federal appropriated funds have been paid or will be paid, by or on behalf of the undersigned, to any person for influencing or attempting to influence an officer or employee of any 
agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection with the awarding of any federal contract, the making of any 
Federal grant, the making of any Federal loan, the entering into of any cooperative agreement, and the extension, continuation, renewal, amendment, or modification of any Federal 
contract, grant, loan, or cooperative agreement.
(2) If any funds other than Federal appropriated funds have been paid or will be paid to any person for influencing or attempting to influence an officer or employee of any agency, a 
Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection with this Federal contract, grant, loan, or cooperative agreement, the 
undersigned shall complete and submit Standard Form-LLL, ‘‘Disclosure of Lobbying Activities,’’ in  accordance with its instructions.
(3) The undersigned shall require that the language of this certification be included in the award documents for all subawards at all tiers including subcontracts, subgrants, and contracts
 under grants, loans, and cooperative agreements and that all subrecipients shall certify and disclose accordingly.

This certification is a material representation of fact upon which reliance was placed when this transaction was made or entered into.  Submission of this certification is a prerequisite for 
making or entering into this transaction imposed by section 1352, Title 31, U.S. Code.  Any person who fails to file the required certification shall be subject to a civil penalty of not less
than $10,000 and not more than $100,000 for each such failure.

Certification Regarding Nondiscrimination 

By electronically signing the NSF Proposal Cover Sheet, the Authorized Organizational Representative is providing the Certification Regarding 
Nondiscrimination contained in Exhibit II-6 of the Grant Proposal Guide.  

Certification Regarding Flood Hazard Insurance 

Two sections of the National Flood Insurance Act of 1968 (42 USC §4012a and §4106) bar Federal agencies from giving financial assistance for acquisition or  
construction purposes in any area identified by the Federal Emergency  Management Agency (FEMA) as having special flood hazards unless the: 
(1)     community in which that area is located participates in the national flood insurance program; and
(2)     building (and any related equipment) is covered by adequate flood insurance.

By electronically signing the NSF Proposal Cover Sheet, the Authorized Organizational Representative or Individual Applicant located in FEMA-designated special flood hazard areas is 
certifying that adequate flood insurance has been or will be obtained in the following situations: 
(1)     for NSF grants for the construction of a building or facility, regardless of the dollar amount of the grant; and
(2)     for other NSF Grants when more than $25,000 has been budgeted in the proposal for repair, alteration or improvement (construction) of a building or facility. 

Certification Regarding Responsible Conduct of Research (RCR) 
(This certification is not applicable to proposals for conferences, symposia, and workshops.) 

By electronically signing the NSF Proposal Cover Sheet, the Authorized Organizational Representative of the applicant institution is certifying that, in accordance with the NSF Proposal 
& Award Policies & Procedures Guide, Part II, Award & Administration Guide (AAG) Chapter IV.B., the institution has a plan in place to provide appropriate training and oversight in the 
responsible and ethical conduct of research to undergraduates, graduate students and postdoctoral researchers who will be supported by NSF to conduct research. 
The undersigned shall require that the language of this certification be included in any award documents for all subawards at all tiers.

AUTHORIZED ORGANIZATIONAL REPRESENTATIVE SIGNATURE DATE

NAME

TELEPHONE NUMBER ELECTRONIC MAIL ADDRESS FAX NUMBER 

fm1207rrs-07

* EAGER - EArly-concept Grants for Exploratory Research  
** RAPID - Grants for Rapid Response Research  
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EFRI-M3C Preliminary Proposal:
Models of Forceful Physical Interaction in Everyday Life

PI: Christopher G. Atkeson, Carnegie Mellon University, co-PIs: Jessica Hodgins, CMU, Pat Loughlin,
Arash Mahboobin, and Mark Redfern, University of Pittsburgh.

The goal of our work is to understand how humans control their entire bodies to simultaneously balance,
locomote, and manipulate, including the roles of attention and cognition. We will develop predictive mathe-
matical models of whole body human sensory-motor performance. We will combine both human studies and
experiments on a humanoid robot to develop and test our theories. We will use tasks from everyday life in-
cluding work to develop a next generation ergonomics that models forceful physical interaction, movement,
control, and mental state to reduce the cost of accidents such as falling and chronic injury by developing
new ways to design and control our tools and environments at both hardware and software levels.

IntellectualMerit: One significant leap/paradigm shift in our work is developing and evaluating memory-
based models. In terms of theories about the brain, memory-based models suggest that the brain uses its
massive memory capacity to store particular experiences of forceful physical interaction, and recalls and
combines these experiences to generate new behavior. In terms of engineering design and fundamental
engineering knowledge, memory-based approaches focus on the use of nonparametric models in control.
Memory-based approaches complement current parametric approaches to modeling and control, and pro-
vide a way to take advantage of the dramatic increase in memory capacity of computers. A memory-based
approach transforms how learning is approached in biological studies and engineering design. It also allows
easy customization of an assistive device to a user, and the development of new types of intelligent assistive
devices. The proposed work directly addresses M3C elements. We will develop and experimentally vali-
date theories of human-sensory motor control, and complementary predictive models to enable the design
of machines for forceful physical interaction and cooperation with humans (M3C1). These models will lead
to understanding and/or explanation of several important human sensory motor control functions (M3C3).
We will apply our perceptual and cognitive science based approaches to explore the role of mental state in
forceful physical interactions between humans, tools, and environments (M3C2). We will explore learning
and skill acquisition, power transfer between humans, tools, and environments, and basic questions about
human walking in our work on whole body behavior.

Broader Impacts: We expect our work to have several major impacts, particularly reducing accidents
such as falling in the home, workplace accidents, and chronic injury. We will help lay the foundation
for important medical/healthcare applications such as much more useful and intelligent assistive devices.
Some of these devices will be autonomous, some of these devices will work with a user as another human
would, and some of these devices will act more like an exoskeleton. A major issue is safety, particularly in
consumer applications of these devices. In complementary work, we are developing soft inflatable devices
to assist humans, greatly reducing the risk of injury and cost. The knowledge developed in the proposed
work would tell us how to control this new type of assistive device. We have extensive experience in the
area of improving workplace safety. A next generation ergonomics could transform our ability to improve
safety and also job satisfaction in the workplace. It would also transform our ability to plan tasks, predict
risk, and develop new assistive devices for work. Reducing the impact of accidents is an important national
challenge. For example, falls are the leading cause of accidental death in persons 65 years or older. Based
on the proposed work, we may be able to learn how to change environments and tools and train people to
reduce the risk of falling and other accidents. Simulations based on our models, and actual test devices
based on our humanoid robot work, can be used to evaluate risk in homes and workplaces and reduce
it. We will develop the use of humanoid robots as real life “crash test dummies” to evaluate tools and
environments in functional experiments outside the laboratory. A special emphasis of our work will be how
motor and sensory performance and the underlying sensorimotor system change with age. We expect to gain
an understanding of the changes that cause an increased risk of falling and injury in older adults, and the
strategies that are used to compensate for these changes.
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Our vision is to understand forceful physical interaction by combining research efforts on humans and
agile machines such as humanoid robots. Our approach is to study human behaviors, and implement the
theories we develop in a physical model (i.e. a humanoid robot). We learn more about the implications of
those theories using the physical model while extending the capabilities of humanoid robots. We believe
this approach can lead to: a) greater understanding of human sensorimotor control of forceful physical
interactions, and b) transformative shifts in engineering approaches to control of agile machines such as
robots.

Vision and Goals: One goal of the proposed work is to understand how to generate a rapid and appro-
priate response to errors in forceful physical interactions, particularly during manipulation while standing
or moving (mobile manipulation), in both humans and machines. Humans, even with relatively slow neural
transmission and processing capabilities (communication and computational hardware), can detect, identify,
and generate a response to a perturbation in a fraction of a second. A worker demolishing a structure when
the part he is hammering unexpectedly gives way can choose to maintain his balance with just his ankles
(ankle strategy), with his entire body (hip strategy), by taking a step (changing the base of support), by
moving his arms and tool (righting reflex), or by reaching for and grasping a fixed support (grasp strategy).
What the arms are holding, what can be dropped in an emergency, and what grasp or other support points
are available are all taken into consideration. Internal prediction is used to evaluate the severity of the on-
going perturbation and the implications of potential response strategies, with large benefits for being able to
predict the future as early as possible.

Robots and mobile machines in general are not yet capable of this robust behavior. Current humanoid
robots such as Asimo, HRP2, Hubo, and our own robot (Figure 1) have relatively small limits to how hard
they can be pushed or how much the terrain can deviate from a stiff flat floor before they fall. Their ability
to apply forces or forcefully interact using tools is extremely limited.

Our human research has focused on understanding responses to perturbations while standing and slip-
ping, tripping, and stumbling while walking (Figure 1-D). We have also been programming humanoid robots
to be more robust during forceful physical interactions (Figure 1-A, B, and C). One goal of the proposed
work is to cross fertilize between these two endeavors: Use understanding of human error response behav-
ior to improve robot control, and use control schemes for robots to provide testable alternatives for human
control. This cross fertilization approach will lead to experimentally verified, quantitative, mathematical
theories of human sensorimotor control that can serve as predictive models for the design of machines
for forceful physical interaction and cooperation with humans. Another goal is to address forceful phys-
ical interaction involving power flow between the human or robot and the environment. We will focus
on manipulation while standing or moving, building on our previous work on legged locomotion with no
manipulation.

We will also focus on the role of perceptual and cognitive factors, such as attention and anticipation,
to connect physical human-machine interactions and theories about mental representations. How do hu-
mans allocate attentional resources during complex tasks? How do humans use anticipation of likely future
behavior of the task or the environment to choose strategies and bias state estimation? We have recently
been studying the role of attention in postural control in older adults, focusing on 1) determining attentional
selectivity during standing, 2) investigating the temporal dynamics of attention during balance recovery, 3)
investigating the influence of attention on motor responses during balance recovery, and 4) investigating the
influence of attention during moving visual environments. We have modeled attentional effects using a pos-
tural prioritization model, discovered faster attentional dynamics than had been seen previously, and found
perceptual inhibition in postural control. In the proposed work we will extend our research on perceptual
and cognitive factors to mobile manipulation. We believe our work in this area will lead to understanding of
how to allocate computational resources in multi-processor systems for improved anticipation and response.

Approach andMethodology: Our approach combines human studies of whole body control and exper-
iments with a humanoid robot doing the same behaviors. This synergistic approach allows us to aggressively
test our theories of how behaviors are controlled and coordinated. We have found that physical models of
behavior are much more effective in exposing the flaws and gaps of our theories than simulations. We be-
lieve this approach and methodology can lead to: a) greater understanding of human sensorimotor control
of forceful physical interactions, and b) transformative shifts in engineering approaches to control of agile
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Figure 1: A: Our hydraulic humanoid robot standing on a moving platform used for clinical human balance
testing. We compared the robot’s perturbation responses to human perturbation responses. B: The humanoid
responding to a push (stick with white padding on end). C: The humanoid collaborating with a human to
lift a table. D: Human slipping experiments. This video image was shot with infrared illumination, because
the experiment is done in darkness to conceal the slipping location from the subject. The subject’s left foot
has just slipped on a puddle of glycerin, and the right foot has come down from its swing and is pressing
against the floor in an attempt to recover. E: An error response classifier for a simple optimal control
model of standing balance. The axes are the ankle and hip velocities after an impulsive perturbation. For
small perturbations, ankle torques are primarily used for the response. Larger perturbations in a particular
direction are handled by recruiting hip muscles. Other large perturbations are handled by taking a step. F:
A conceptual example of a continuous response generator based on storing trajectories. These are a set of
optimized ankle responses to balance perturbations. The black dots are the initial state after the perturbation.

machines such as robots.
One basic question is whether humans learn behavior in terms of parametric models with small numbers

of parameters, or non-parametric models represented using large numbers of adjustable synapses in the
brain? We see the use of non-parametric models (“place coding” in the superior colliculus, for example) in
many simple behaviors such as the control of eye movements. We see hints of similar coding in the motor
cortex. A related question is whether robots and other machines should learn behavior using parametric
or non-parametric models? The dramatic drop in the cost of memory favors the use of non-parametric
models in engineering. We will use human experiments to try to tease out how local learning effects can be.
Relatively broad learning effects favor low dimensional parametric models, and highly specific contextual
effects suggest high dimensional non-parametric models. We will use comparative implementations of
different forms of learning and control on our humanoid robot to experimentally measure their advantages
and disadvantages. This is an example of how we will also explore learning in the proposed work.

A more specific hypothesis that we will explore is that the human error response system is a strategy
classifier followed by individual modules to implement each strategy in a continuous fashion. The first stage
of processing selects the type of response to be used. This selection occurs continuously, and the execution
of one strategy can be interrupted by another. An alternative to the strategy classifier hypothesis is that there
are no clear boundaries between strategies, and the entire response is generated as one unit. We will look for
response discontinuities and errors in strategy selection to test the strategy classifier hypothesis in humans.
We will use robot implementations of strategy classifiers to measure their performance and compare them
with more monolithic control approaches.

Another hypothesis we will test is that information on how to generate detailed error responses is (for
humans) and should be (for robots) represented in the form of example response trajectories. We will probe
this hypothesis in humans by again looking at the structure of learning. If there are interference effects
across time for learned responses to repeated initial conditions and perturbations, this supports the trajectory
hypothesis. We will also look for evidence of an internal clock or internal model that guides the timing of
the response. Can a response be interrupted? If a response is perturbed, does the system try to return to the
original timing?

Our corresponding hypotheses for engineered systems are that selection of learned error responses is
a good way to design complex behavioral systems, and that explicitly representing, learning, and precom-
puting specific responses (a memory-based approach) is also useful. Figure 1-F shows such a set of error
recovery trajectories for a single link inverted pendulum balancer. The trajectories were generated using
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approximate dynamic programming (ADP) [7, 6, 11, 58, 9, 13, 12]. The control system uses the current
state estimate to index this memory and figure out what to do next. Figure 1-E shows a more complex place
coding, in which a discrete behavior or response strategy is selected [12]. Within each strategy a collection
of trajectories similar to Figure 1-F is used to determine what to do next. We believe that a memory-based
approach makes learning simpler and more effective, and that we can find ways to achieve appropriate
levels of generalization during learning using a memory-based approach. We have been able to develop
memory-based control and learning systems for simple robots. This proposal takes the next step in scaling
up, making this approach work for systems with on the order of a hundred state variables. We have made
great recent progress in relevant areas: using optimization and reinforcement learning to design nonlinear
feedback control systems and reflexes for standing and walking, and using human movement data to create
flexible behavior generators based on memory-based learning.

Strategy selection and implementation in standing postural control may require coordination among
subsystems. For example, ankle, hip and stepping strategies probably require some temporal and spatial
coordination. However, arm responses may or may not be independent of legged responses to perturbations.
What are good coordination mechanisms between subsystems, and what influences coordination? We will
extend our existing balance controller [12, 90, 89, 91, 92] to include arm responses and grasping. Are differ-
ent joints controlled in a coordinated fashion, or are they controlled independently? Surprisingly, we know
that in seemingly coordinated gaze shifts, the eyes and neck can be controlled largely independently [88].
We will use human subject experiments to detect if there is a particular onset of arm movements based on
perturbation characteristics (i.e. profile and magnitude). Our current optimal control model predicts that
arm movements are part of a generalized hip strategy, co-occurring with significant hip activation. We will
test this prediction. We will also explore whether a simple parametric framework (perhaps even a linear
framework) can model the human data. We will attempt to match human behavior on our humanoid robot,
and compare results with controllers designed using optimal control.

We will develop models based upon the response behaviors we get from our human experiments. Stand-
ing balance responses to small perturbations can be modeled quite well with linear controllers. It has been
proposed that gain scheduling of different linear controllers can fit responses to larger perturbations. We
will extend the model of [67] to include arm motions and reproduce their experiments on the robot. We
will explore whether a fixed nonlinear controller also fits the data. Park et al. [67] show that the gains of
manually fit linear controllers decrease as the perturbation size increases. Another way to get the same effect
is to have a “compressive” nonlinearity on position and velocity. We will explore a variety of structures for
parametrized nonlinear controllers. We will use error minimization techniques similar to those used by [67]
in the linear case to choose appropriate parameters in the nonlinear case. Similarly, we will explore us-
ing optimal control techniques to find appropriate parameters for nonlinear controllers, similar to what has
been done to design linear quadratic regulator (LQR) controllers for standing balance [25, 38]. There have
been several examples of finding a good match between optimal estimators and controllers and biological
control systems [15, 17, 38, 37, 94, 14]. We will also explore using reinforcement learning techniques to
design nonparametric nonlinear controllers, such as policy search and dynamic programming on reduced
dimensional models [93].

Our current work on robots explores how forceful physical interaction and balance can be controlled
using simple internal models [91, 92]. The state of the robot is mapped to the state of an internal model that
takes into account balance such as a multi-link inverted pendulum. Desired motions are then generated for
the internal model, and the corresponding contact forces (feet and hands, for example) are generated. This
approach has been successful when applied to our humanoid robot (Figure 1-A, B, and C).

Understanding the transition to a stepping strategy is of particular interest to us. Stepping strategies have
been described by Maki and colleagues [49, 48, 66], however, the decision process and sensory inputs that
drive this strategy are unknown. We are especially interested in the decision to step: when is it made, can it
be undone, and is the decision to step separate from the decision where to step? The limits to step initiation
will be parametrized and initially will be based upon the data published by Maki and McIlroy [49, 48]. We
note that from a theoretical point of view, the decision surface that determines when a perturbation is large
enough to require stepping depends on the responses the subject will make. For example, a strategy that
applies maximal ankle torque so that the center of pressure is at the edge of the foot leads to a decision
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surface where the center of mass velocity is related to the square root of the center of mass position, rather
than a linear relationship as is commonly assumed. More complex strategies require numerical calculation
of the decision surface. We will map the decision surface in human experiments in order to characterize the
response strategy used by subjects, try to model the decision surface in terms of biomechanical variables,
and test the model on the robot.

Once these individual behavior models have been implemented and explored, we will then attempt to
unify these behaviors with a response selector. This approach will include components of sensory integra-
tion seen in many human experiments [32, 33, 35, 41, 69] and with the basic concept of adaptive motor
strategies shown since the early work of Nashner [64]. This unified model will require significant experi-
mental and developmental effort. We will bring our machine learning expertise to bear on the problem and
explore techniques to select and/or blend behaviors, reduce dimensionality of complex problems, estimate
parameters, and discover underlying structure.

The understanding of strategy selection in response to perturbations during manipulation while standing
will be then extended to manipulation while locomoting. There are similarities (and presumably differ-
ences) between standing and locomotion recovery strategies. Forceful interactions during locomotion may
emphasize predominantly step trajectory alterations (analogous to stepping strategies) and arm responses
(similar to righting reflexes and grasping strategies). We will explore locomotor recovery response strategy
choice and implementation in an iterative way similar to our standing approach. While many researchers
have modeled gait in terms of optimizing metabolic energy expenditure [5], recovery from perturbations is
very different. We believe that recovery strategies optimize criteria that reflect minimizing risk of falling
or injury, force limits, and potential for internal injury due to force magnitudes, rapidly changing forces,
and rapidly changing force derivatives. However, similar questions exist as in our standing postural experi-
ments: How are all these strategies implemented? Are they linked to distinct sensory inputs? Are strategies
altered online as the perturbation progresses? Do higher cognitive processes, such as attention, play a role
in response generation? Does manual manipulation or concurrent upper extremity task execution alter re-
sponses? Again, we will explore these questions for locomotion using human experimentation to examine
behaviors and then incorporating proposed strategies in our humanoid robot physical model. Model de-
velopment will be a major effort in our locomotion studies. We will develop search algorithms that select
appropriate terms and appropriate weightings for the terms in optimization criteria. Terms that will be tried
include quantities that can be sensed (though proprioception, vision or vestibular) and potentially processed
by the brain, such as joint velocities, accelerations, jerks (the derivative of acceleration), higher derivatives
of joint angle, joint torques, support forces and torques, rates of change of forces and torques, higher force
and torque derivatives, and nearness to obstacles. We will also consider motor system errors in force and
torque production, such the standard deviation or variance of muscle force being related to desired muscle
force. Models of muscle activation error will allow us to calculate the risk of further perturbation, such as
slipping, hitting another obstacle, and self collisions, and include these terms in the optimization.

Impact: This proposal brings together experts in human motor control and bioengineering (Redfern,
Loughlin, and Mahboobin) and experts in robotics (Atkeson and Hodgins). This synergy of experts from
different disciplines supports our combination of human studies and experiments with a humanoid robot. We
expect to achieve significant advancements in fundamental engineering knowledge based on our exploration
of forceful physical interactions based on memory-based approaches. We see a strong potential for a long
term impact on the national need to reduce health costs due to accidents such as falling.

What is transformative? One transformative element of our proposed research is to emphasize memory-
based control approaches. In engineered systems memory has become very cheap, and the brain has a huge
memory capacity. We will explore memory-based control using human and robot models. Focusing on
memory-based approaches will transform how engineering approaches prediction and control. For example,
the emphasis on obtaining and using simple idealized parametric models will be reduced, and there will be
greater use of learned models. We will also borrow ideas from biology to build better robots. Our models
will guide the design of more robust robot controllers based on insight from the human control system, and
provide insight into robust engineering control system design in general. Another transformative element for
neuroscience and biomechanics will be the emphasis on specific quantitative control systems for complex
behaviors. Computational models of whole body control have the scientific benefit of guiding neuroscience
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research and helping us understand an important behavior and its disorders. We believe our work will lead
to substantial progress towards understanding learning in the brain. We believe we can replicate brain-
like creativity in developing new error responses to anticipated and unanticipated situations. Our difficult
technology benchmark, testbed, and challenge will be getting a humanoid robot to exhibit human-level
competence in forceful physical interactions during standing balance and gait. We believe that our work
will lead to more capable machines and assistive technology that can operate in human environments, more
robust robot controllers based on insight from the human control system, and provide insight into robust
engineering control system design in general.

Human health impact and next generation ergonomics: Success in this endeavor will lead to improved
systems for falling and other accident prediction and prevention systems. Falling is an important problem
with significant health and economic consequences. Because we will implement the models in a physical
robot, we will be able to evaluate the models’ interaction with actual human environments, providing much
more sophisticated evaluations of accident risk and guiding accident prevention. Humanoid robots also make
useful experimental subjects for real life safety and ergonomics experiments (“active crash test dummies”).
Actually walking on a slippery floor is a much better predictor of what will happen than even a very detailed
dynamic computer simulation. We also believe that by using software filters we can make motors more like
muscles (add additional dynamics and delay) and sensors more biological (modify dynamics and add delay).

How can robotics advance computational neuroscience? As a concrete example of how implementing
models on a robot reveals issues for computational neuroscience, we describe implementing integral control
for our robot standing on two feet. Integral control is useful for compensating for “calibration” errors,
offsets, and relatively constant disturbances. There is evidence that humans use integral control during
standing [34, 68]. A key issue is whether there are two integrators, one for each leg, or just one for the
entire body. If there is just one integrator, the loads on the two feet cannot be equalized. If there are two
integrators, difficult coordination issues arise that surprised us. When we implemented current models of
human standing balance on our robot, we discovered that they did not correctly account for the interaction
of integral control for each foot. For integral control to be stable, contralateral feedback gains needed to be
a factor of 10 greater and of opposite sign when compared to ipsilateral gains [2]. Current biological models
use purely ipsilateral feedback. We will explore this and other issues involving coordination between the
two legs in the implementation of posture, walking, and error handling models. We expect similar surprises
from a quantitative examination of error responses from a control point of view.

Education and outreach: We will create an environment for training of undergraduates and graduate
students by: 1) involving them in the research, 2) developing and requiring an appropriate curriculum, and
3) disseminating educational and research materials. In addition to his undergraduate teaching of a course
on humans and humanoid robots, Atkeson will create a graduate course on “Optimizing Behavior” based on
our and other’s work in this area. Mahboobin will help develop and co-teach a graduate course on “Biome-
chanical Modeling of Movement, Posture, and Gait”. In addition to our normal teaching responsibilities,
Redfern is the Vice Chairman of the Undergraduate Program in Pitt’s Bioengineering Department. An addi-
tional activity that would be made possible by this funding is to make our simulations publicly available and
maintained. The CMU Robotics Institute already has an aggressive outreach program at the K-12 level [23],
and we will participate in that program.

Diversity: One of the co-investigators is female. We will make sure to include women and minority
students. CMU is fortunate in being successful in attracting an unusually high percentage of female under-
graduates in Computer Science. The Bioengineering Department at Pitt has 40% female undergraduates,
and a similar fraction of female graduate students. In terms of graduate students, we have had success work-
ing with each of our respective graduate admissions programs. For example, out of 7 graduate students,
Hodgins has 1 minority and 5 female students. In the latest American Society for Engineering Education
(ASEE) report, Pitt Engineering was second in the nation in percentage of PhD engineering degrees awarded
to women.

Coordination plan: Although this proposal involves two universities, it will not be particularly difficult
to manage, as the two institutions involved are within an easy 10 minute walk of each other. The situation is
not too different from a collaboration between a computer science department and a medical school within
one institution.
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Current and Pending Support 
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The following information should be provided for each investigator and other senior personnel.  Failure to provide this 
information may delay consideration of this proposal. 
 Other agencies (including NSF) to which this proposal has been/will be submitted. 
Investigator: Mark S. Redfern       
 Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
        Project/Proposal Title:   Modeling Shoe-Floor Interface Properties to Predict Slips and Falls  
  
       
Source of Support:   NIOSH 
 Total Award Amount:  $910,739 
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Mentoring of Postdoctoral Fellows

We expect to have one postdoctoral fellow involved in the project. Our philosophy for mentoring postdoc-
toral fellows (and graduate students), which has worked very well in the past and started many on successful
academic careers, is to emphasize learning by doing with extensive feedback from supervising faculty. Ca-
reer counseling and discussion of professional practices are provided in many informal settings, as well as in
formal one-on-one review meetings. The postdoc will work closely with the faculty at Carnegie Mellon and
the University of Pittsburgh. We will have weekly meetings to discuss the progress on the project, which is
one venue to focus on improving all our abilities to collaborate with colleagues with diverse backgrounds
and disciplines. The postdoc will have special training in topics related to machine learning, control, and
acquisition and processing of human motion data. A critical role we faculty play is to introduce postdoctoral
fellows to more senior colleagues at conferences and during seminar visits. These colleagues not only may
hire the postdoc as faculty in the future, but also provide useful examples of career paths and choices. We
encourage and help postdocs to write proposals. We co-write papers with postdocs, as well as encourage
them to take the lead in writing their own papers. As faculty we spend a great deal of time editing and
commenting on draft proposals and papers. We require practice presentations before any conference presen-
tation, as well as regular presentations at lab meeting. Critiquing such presentations often takes significantly
longer than the presentation itself. We encourage postdoctoral fellows to co-teach with us, so we can pro-
vide feedback on their teaching. We also encourage postdoctoral fellows to co-mentor or mentor graduate
students and undergraduates, gaining experience in mentoring. We provide guidance on how to collaborate
with researchers from diverse backgrounds through informal advice as well as by example. We will work
with the postdoc to develop expectations of the skills to be achieved during their stay, and will track the
goals.



Key Personnel

This proposal brings together experts in motor control neuroscience, human balance and gait, motor
disorders, biomechanics, bioengineering, and humanoid robotics. All the co-PIs have been collaborating
on human and humanoid balance for four years [45, 44, 85]. Experiments and data collection on human
subjects will be conducted at the Human Movement and Balance Laboratories (HMBL) at the University
of Pittsburgh led by Dr. Redfern. This laboratory has extensive experience in studying standing postural
control, locomotion, and specifically slips, trips and falls. Experiments on humanoid robots will occur at the
CMU Robotics Institute and be directed by Dr. Atkeson.

Chris Atkeson (Professor, RI (Robotics Institute) and HCII, CMU, www.cs.cmu.edu/∼cga) will serve as
the Principal Investigator. Dr. Atkeson brings an expertise in optimal control, reinforcement learning, and
approximate dynamic programming. He has over 25 years of experience with humanoid robotics and robot
learning including both mobility [4, 2, 12, 36, 53, 56, 57, 54, 51, 50, 55, 52] and manipulation [1, 8, 73, 81,
82]. He also has experience with human movement psychophysics [10, 45, 44].

Jessica Hodgins (Professor, RI and CS, CMU, www.cs.cmu.edu/∼jkh) brings expertise in behavior gen-
eration, behavior capture, and large scale simulation. She has extensive experience in humanoid robotics
and legged locomotion [30, 26, 16, 27, 28, 4, 2, 3, 36], behavior capture for computer animation and
robotics and whole body simulation [95, 31, 39, 96]. Hodgins has extensive experience with behavior
libraries [40, 84, 83, 29, 71, 65, 72, 97]. She has recently been working on capturing and modeling human
error responses [85] and developing behavior capture techniques for use outside the lab [18, 87, 86]. Hod-
gins has also constructed several motion capture databases and made them freely available on the web for
the use of other researchers (mocap.cs.cmu.edu, kitchen.cs.cmu.edu). Hodgins runs the CMU Graphics Lab
and Disney Research Pittsburgh.

Mark Redfern (Professor, Bioengineering, University of Pittsburgh,
www.engr.pitt.edu/bioengineering/main/people/faculty/redfern mark.html) brings expertise in balance and
gait biomechanics and neuroscience and associated disorders. Pat Loughlin (Professor, Bioengineering,
Pitt) is an expert in human postural control, control systems, and signal analysis. Arash Mahboobin (Re-
search Assistant Professor, Bioengineering, Pitt) brings expertise in sensory re-weighting models of human
postural control. Redfern and Loughlin have been conducting NIH funded research in postural control
for 15 years. Funded research that is directly related to this proposal includes: Postural Control in the
Elderly: The Role of Attention R01 AG14116 (PI: Redfern, coI: Loughlin) This study investigates the in-
fluence of higher cognitive function in postural control in young and older adults. Properties of sensory
integration are explored during dual-task paradigms to probe the influence of attention. Our basic concepts
of sensory integration have been developed partially through this work. Time-Varying Characteristics of
Human Postural Sway R01 DC04435 (PI: Loughin, coI: Redfern) This recently completed project investi-
gated changes in sway during various visual and proprioceptive conditions. This project has also helped to
form our conceptual model of postural control, particularly regarding sensory integration. Biomechanics of
Slips in Older Adults R01 OH07592-01 (PI: Cham, coI: Redfern) This study investigates the biomechanics
of slips and falls, both kinematics and kinetic responses during recovery attempts are studied. Biome-
chanical modeling, similar to that being proposed in Specific Aim 3, is used to analyze the data. Balance
and Instability: A Multidisciplinary Approach: Claude D Pepper Older Americans Independence Center
P30 AG024827AG: The NIH-funded Pepper Center is dedicated to the understanding of balance disorders
in older adults, and improvement of balance in these populations. Redfern, and Loughlin are associated
with this Center. The resources of this Center (statistical support, recruitment, data management, and tech-
nical support) will be available to support our effort in this study. Relevant papers by the investigators
include [19, 21, 20, 22, 24, 42, 43, 46, 47, 59, 61, 62, 60, 63, 75, 77, 76, 78, 79, 74, 80, 70].
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