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Research Interests

o Research Areas

— Applied control theory (nonlinear, adaptive, and hybrid control
systems)

— Mechatronic systems
— Design and automation

— Dynamic systems

o Applications Areas
— Robotics and vehicle systems

— Biomedical and biological systems
— Civil infrastructure, transportation, and oceanic systems

— Micro- and nano-manufacturing systems



Recent Research Projects

@ Robotic/vehicular systems
— Autonomous robots and vehicles
— Contact modeling/tactile sensing
— Underwater robotics
@ Physical human-robot interactions
— Human-bikebot interactions
— Robotic assistive slip-and-fall
— Wearable robotic assistive devices
@ Automation science & engineering
— Civil infrastructure automation

— Micro-/nano-manufacturing
automation




Autonomous Motorcycles/Bicycles
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Why Are We Interested in Rider-Bicycle Interactions?

Biking but no walking
Rutgers rehabilitation bicycle

Q Snijders and Bloem, “Freezing of gait”, New England

J. of Medicine, vol. 362, e46, 2010. o
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@ Rider-bicycle (or bicycle-based robot, i.e., bikebots) interaction is
used as a new paradigm to study unstable physical human-machine
interactions (pHMI)

— Physically unstable, especially under a slow moving velocity

— Coordinated multi-limbs and body movements for balancing

— Multiple contact points for complex interactions and constraints
@ Bicycling can potentially serve as a rehabilitation tool for postural

balance disabilities

— Possibly treating Parkinson's disease patients (Aerts et al. (2011)
and Ridgel et al. (2009))



@ Rider-bicycle (or bicycle-based robot, i.e., bikebots) interaction is
used as a new paradigm to study unstable physical human-machine
interactions (pHMI)

— Physically unstable, especially under a slow moving velocity

— Coordinated multi-limbs and body movements for balancing

— Multiple contact points for complex interactions and constraints
@ Bicycling can potentially serve as a rehabilitation tool for postural

balance disabilities

— Possibly treating Parkinson's disease patients (Aerts et al. (2011)
and Ridgel et al. (2009))

Challenges

@ Capturing and modeling high-dimensional pHMI
@ Analyzing and quantifying the human balance motor skills in pHMI
@ Tuning and controlling the pHMI




Bikebot Systems Development

Autonomous Bikebot System Rider-Bike System

Human IMU
> . B Bikebot lalli s b
I steering \ eho e

Actively Controlled Physical Human-Bicycle Interactions

@ A flywheel gyro-balancer to create perturbation balancing torques
@ Independently controlled steering and pedaling mechanisms

@ Wearable/onboard sensors to estimate the human and bicycle poses




@ Developing a modeling framework to capture the
high-dimensional human motion in pHMI with applications to
pose estimation

@ Quantifying human balance motor skills and comparing with
autonomous control design

@ Stability and balance control of the physical rider-bicycle
interactions



Objectives

@ Developing a modeling framework to capture the
high-dimensional human motion in pHMI with applications to
pose estimation

@ Quantifying human balance motor skills and comparing with
autonomous control design

@ Stability and balance control of the physical rider-bicycle
interactions

o Part I: Physical-learning modeling framework of the physical
rider-bikebot interactions

o Part II: Quantifying human balance motor skills and autonomous
control design

@ Part IlI: Stability and control of the rider-bikebot interactions




Physical-learning modeling framework of
physical rider-bicycle interactions




Background

@ Physical human-machine interactions (pHMI) play a critical
role for many human-centered design, e.g., robotic assistive
and rehabilitation devices

@ Modeling and control of pHMI is challenging
— Highly-dimensional human motion and complex interactions
— Lack of effective modeling tools

— Sophisticated human-in-the-loop neuro-control



Background

@ Physical human-machine interactions (pHMI) play a critical
role for many human-centered design, e.g., robotic assistive
and rehabilitation devices

@ Modeling and control of pHMI is challenging
— Highly-dimensional human motion and complex interactions
— Lack of effective modeling tools
— Sophisticated human-in-the-loop neuro-control

@ Some existing approaches
— Physical principles-based modeling = Complex for controller
design
— Learning from demonstration (e.g., data-driven models) = Lack of
physical interpretation



Physical-Learning Modeling Framework
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(a) Physical-learning modeling framework.
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Basic Modeling Approach

® The model X, = ¥4 X Xgy, X Xg, Xygp: trunk-robot dynamics, Y,
Y.q: upper- and lower-limb dynamics
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Basic Modeling Approach

® The model X, = ¥4 X Xgy, X Xg, Xygp: trunk-robot dynamics, Y,
Y.q: upper- and lower-limb dynamics
@ Physical models for », = motions with physical sensing information
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Basic Modeling Approach

® The model X, = ¥4 X Xgy, X Xg, Xygp: trunk-robot dynamics, Y,
Y.q: upper- and lower-limb dynamics

@ Physical models for », = motions with physical sensing information

@ A learning model for ), />, = reduced-dimensional dynamics on

manifolds without sensing

4
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Basic Modeling Approach

® The model X, = ¥4 X Xgy, X Xg, Xygp: trunk-robot dynamics, Y,
Y.q: upper- and lower-limb dynamics

@ Physical models for », = motions with physical sensing information

@ A learning model for ), />, = reduced-dimensional dynamics on
manifolds without sensing

@ Integrating the physical-learning models with interactions/constraints




Physical Trunk-Bikebot Dynamics

Schematic of rider-bikebot systems

@ Generalized coordinates: the trunk O Bikebot/trunk gyroscopes
a; = [pn 0 ¢n)T, bikebot g, = p, and
4, = lai a/1"

@ The trunk-bikebot dynamics is obtained
by Lagrange equations as

M(qt'r)qt'r + C(qtr7 qt'r)qt'r + G(qt'r) = U

2 T
@ Input u; = [(sec ©b)gUs — Th  Th Te] ) T
T, and 7y: torques applied by the rider Y/[\X
to the trunk Z

o Nonholonomic constraint at rear wheel contact point Co
o Velocity v, and yaw angle ¢ as time-varying model parameters

Vr C¢ U tan ¢c§

o Steering control u,, := ¢ SR <seci¢# + tan ¢ tan g0<;'>> + =




Learning Model for Limb Motion

o Key idea: high-dimensional human joint angle motion y € R” to
low-dimensional latent space dynamics © € R%, D > d

— Linear latent dynamics not work for human motion

— Commonly used dimension reduction method (e.g., principal
component analysis (PCA), locally linear embedding (LLE))

— The latent dynamics can incorporate and integrate with physical
models
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o Key idea: high-dimensional human joint angle motion y € R” to

low-dimensional latent space dynamics © € R%, D > d

— Linear latent dynamics not work for human motion => Need
nonlinear latent dynamics

— Commonly used dimension reduction method (e.g., principal
component analysis (PCA), locally linear embedding (LLE)) =
Cannot preserve the physical interpretation

— The latent dynamics can incorporate and integrate with physical
models = Interconnect as inputs and constraints to the model



Learning Model for Limb Motion

o Key idea: high-dimensional human joint angle motion y € R” to

low-dimensional latent space dynamics © € R%, D > d

— Linear latent dynamics not work for human motion => Need
nonlinear latent dynamics

— Commonly used dimension reduction method (e.g., principal
component analysis (PCA), locally linear embedding (LLE)) =
Cannot preserve the physical interpretation

— The latent dynamics can incorporate and integrate with physical
models = Interconnect as inputs and constraints to the model

Main Approach

@ Gaussian process dynamic model (GPDM) for low-dimensional
limb motion with inputs/constraints from the physical model

@ A novel axial linear embedding (ALE) dimensional-reduction
method preserving physical interpretation




Nonlinear Learning Model for Human Limb Motion

@ Gaussian process dynamical model (GPDM): A nonlinear
dynamics between the high-dimensional joint angles y € R” and the
low-dimensional latent variables 2 € R? (d < D) for limb motion

oz (k) = x(k) —@(k — 1) = f(@(k — 1), up(k — 1), @) + wp,
y(k) = g(x(k), B) + w,,

«, (3 are parameters, input up(k — 1) from the trunk-robot
subsystems.

o X ={x(k)}N, Y = {y(k)}" and U = {uy(k)}" as training data
sets, estimate f and g by identifying a and 3 and maximizing
a-posterior distribution

P(X,a,B8|Y,U) x P(Y|X,8)P(X|U,a)P(c)P(B).



Dimensional Reduction and Initialization — ALE Algorithm

@ Axial linear embedding (ALE) for
— Preserving the physical interpretation of the latent variables

— Maintaining performance and avoiding trapping at local minimums

@ Limb motion is influenced by

trunk and steering movements ALE Algorithm Flowchart

) Determine th ree ||mb motion Algorithm 1: Axial Linear Embedding (ALE)
for j =110 n, do

primitives by three templates |, (. .y_ v

Of trun k_ I’ObOt motion qtr 2 Emuiso?igior{lit}he 1/th template of 7}, and obtain
@’

(Lines 2-3) s ¥y =0 {X{}qgl =PCAI({yi}q;):

. . . . end

@ Arbitrary limb motion is for k=110 N do
4 Find M points yi, s.t. || yx, —y(k)||> are the M
decomposed a |Ong smallest value for y;, € U/-=|_..._,1r,{y,}qj R
three-motion-primitive s w =argming, [y(6) = XM wiye |3, X wi =15
directions in the Iatent space 6 x(k) = Zﬁ]wk‘xk,., Xy, is the latent coordinate of yy,:
end

(Lines 4-6) /




Modeling Application: Limb Motion Estimation

@ Each upper-limb is modeled as five degree-of-freedom (DOF):
shoulder jOint angles (11173/273/3) (left)/(l/673/7al/8) (rlght) and
elbow joint angles (y4,y5) (left)/(yo,y10) (right), i.e., D = 10.

@ The upper-limb poses primarily influenced by three trunk-bikebot
motion templates: trunk roll, pitch motions and the bikebot
steering motion, i.e., d = 3.

@ Latent dynamics input w;, = [¢(t) o(t) gl (t) ] (t)]"

@ Only trunk and bikebot gyroscope sensors are used in the design
(No wearable sensors on limbs)

@ Extended Kalman filter (EKF) is used to fuse the gyroscope
measurements and a set of geometric and dynamic constraints



Experiments and Motion Kinematics/Constraints

(a)-(b) Riding experiment and trajectory. (c)-(e) Bikebot/trunk gyroscopes and optical markers.

Motion Kinematics and Rider-Bikebot Geometric/Dynamic Constraints

@ Gyroscopes motion: ¢, = [c, 0 sq|wy, ¢ = Fo(q; wr, wt)
@ Dynamic constraint: first 2 equations in dynamics z1(qy,, @4, @) = 0
@ Geometric constraints: human anatomical and pHMI interactions

— Trunk, limb and bikebot forms closed structure z5(q,,y) = 0 € R®

o EKF design: state: v = [g}. zT]7 € R7, output: y € R'? and ¢,




Results — Single-Subject Experiment

“Tim8 (s)° %
(e) n (f) v2 (8) ya (h) e
Comparison among EKF, IMU direct integration and the ground truth.




Results — Single-Subject Experiment

Root mean square (RMS) errors (in degs) of EKF design

.5 |GPDM| ¢y 4 Pn ©b Y Y2 Y3

ALE |5.0 £1.4/1.4 4+ 0.5[5.1 £0.30.5 £ 0.1{2.2 £ 0.32.8 £ 0.1|4.9 £ 1.1| |,
PCA |5.2 £ 1.9/1.5 £ 0.5/5.1 £ 0.6/0.5 £ 0.1|2.3 + 0.4{2.9 £ 0.5|4.6 + 0.5 ,W
LLE |5.4£0.1{1.5+£0.3[5.8 £1.2/0.5 £ 0.23.3 £ 1.2(3.3 £ 0.8/6.1 £ 1.8 | =
IMU | 3.2 4.6 3.5 0.7 4.9 4.7 3.0

«» |GPDM Y4 Ys Ye Y7 Ys Y9 Y10
“ | ALE |4.54+0.4{4.24+0.8/1.9+0.7|3.9 £ 0.3|4.1 +0.5/5.0+1.2|3.1 £ 0.3 w

— | PCA 5.0 £0.2|5.3 £ 0.9/2.4 £ 0.8]4.5 £ 0.9{4.7 £ 0.5[5.1 £ 0.8{4.1 £ 0.4
“| LLE 9.1 £0.3|7.3 £ 0.52.8 £ 0.6|5.6 £ 2.5|8.5 £ 3.1{6.2 £ 1.3|5.0 = 1.5
| IMU 4.7 4.8 4.7 5.2 4.3 4.8 5.2 )

Observations

— © The ALE algorithm outperforms both the PCA and LLE ot

@ The model predictions have the similar error level as using
wearable IMUs




Results — Five-Subject Experiments

RMS errors (in degs) over 1-minute indoor/outdoor experiments

©n 0 n ©b Y1 Y2 Y3
Indoor |6.4 4+ 1.8{1.5 + 0.2|7.6 & 3.1/0.6 + 0.2(2.6 & 0.3[4.2 + 0.95.9 + 0.9
Outdoor|7.7 + 1.0/2.0 + 0.7/9.6 + 0.4/0.8 & 0.2(2.9 + 0.3{4.9 + 0.7|6.4 + 0.9

Ya Ys Ye yr Ys Y9 Y10
Indoor (5.3 +0.8(5.1 +0.7[2.8+:0.54.4 £1.2|3.9 £0.2(5.6 = 0.1{3.0 4+ 0.4

Outdoor|6.0 + 2.0|5.2 + 0.5|2.9 + 0.4{4.7 £ 0.8|4.5 £ 1.3{6.3 £1.1{3.1 £ 0.5

@ The results are still comparable with those by wearable sensors @

@ Indoor experiment results are slightly better than these of outdoor

?Zhang et al., IROS'2014; Lu et al., IROS'2014.




Result Analysis
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(a) The role of the pHMI constraints. (b) The role of the training data size.

V.

@ Dynamic/geometric pHMI constraints enhances the estimation results

@ A small size of training data is enough for building the model




@ Built a nonlinear learning model to capture the
high-dimensional limb motion on the lower-dimensional
manifolds

@ Proposed an integrated physical-learning model for
studying pHMI interactions
— The compact model is attractive for pHMI control design
— The ALE algorithm preserves the physical meaning of the

latent variables

@ Validated and demonstrated pose-estimation performance
by extensive indoor/outdoor experiments



Quantifying human balance motor skills
and autonomous control design




Objectives and Approaches

@ Analyze the contributions of balance by upper-body
movement and steering actuation

@ Define metrics to quantify tracking and balancing performance

@ Model human path-following strategy and compare with
autonomous control




Objectives and Approaches

@ Analyze the contributions of balance by upper-body
movement and steering actuation

@ Define metrics to quantify tracking and balancing performance

@ Model human path-following strategy and compare with
autonomous control

V.

Approaches

@ Rider-bikebot dynamics and external/internal convertible
(EIC) structure

@ Define and use the balance equilibrium manifold (BEM)

@ BEM-based path-following controller design and comparison
with human rider control

@ Introduce BEM-based balance and path-following metrics




Nearly EIC Nonlinear Dynamic Systems

@ An n(= m + p)-dimensional nonlinear system is called in a nearly
external/internal convertible (EIC) form if the system is of the form

Ti = Tit1, Tm =U, 0 =1, m —1,
Qj = oy,
&, = f(x,a) + g(x, a)u + gi(x, o)u,,
y=z1,j=1,--,p—1,
with u,u;,y €R, & = [z1 -+ )T €R™ and a = [y -+ )T € RP.

@ The external and internal subsystems are

Yext : Ti = Titl, Tm=u,t=1,--- ,m—1, and
Ying © & = aiq1, &p = f(z, ) + g(x, a)u + gi(x, o)u; for
i=1,---,p—1

@ System X is convertible because Y is nearly converted to Yoyt
(with additional u;), and ey is nearly converted to iy (with w;
term) under u = g(z, @) ! [v — f(x, )]



Nearly EIC Property for the Rider-Bikebot System

Schematic of a nearly external /internal convertible system.

U‘ f Tm f 4/332 f T Yy
SN R X 8 IO External subsystem
: 1)1 T T Internal subsystem
T, o)+ (67 o
w g 1 S R
o E—

@ Nearly EIC form for the rider-bikebot system
Sext : T = u
ext + "oy N>
St § =M '(q)[B(@)R,'¥ - C(q,q) -
G(q) +u; + B(q)R'uy].

@ External subsystem: planar motion dynamics; Internal subsystem:
balance dynamics.



BEM Under the Rider's Control

BEM under rider control
An 8-dimensional (X,Y")-subspace in R® of Sext under u” and 7.

w7 = {@a) |g = v utT)a=0f, (1)

where & = [7"02 1%2 rCQ]T and a = [q" fIT]T-

Consider the internal (roll angles) equilibria, denoted as q., by
setting ¢ = ¢ = 0 in the balance dynamics, are the solutions of the
algebraic equation

F(q67 ,l/‘)) UT’ u7 T) = 07

where

F(q,v,v,,u,7) = B(q)u+ 7 — Cy(q) — G(q).



Balance Effects by Body Movement and Steering Actuation

@ Aim: Quantify the influence of the upper-body movement and the
steering actuation on the balance task

@ Method: Perturb the rider-bikebot systems around the BEM and
compute the sensitivity factors

o Taking the total derivatives of F(q,1),v,,u,T), we obtain
8F1 8F1 BFl aFl

dFy = —dpp + ——dyp —d —d
1T 90, T 9 T w+3wu¢
For steering actuation:
8F1 ’02 Cg Ce Sy
A pr— == A A .
¢ 0¢ lc% 3 2+ 491 Cyy Co

For upper body leaning actuation:

% _ M12 A\ _ (_8F1 M12 + 8F1)
den — Mn o Opy My1 — Opp )




Balancing by Body Movement and Steering Actuation

=20,

Sensitivity calculation at different motion states

250 T : T T
---1.50 m/s
175 mls
-=2.00m/s
= 2001 —225mis| |
2 = /\ -0-2.50 mis
= g
£ < L
3 150 -
=~ |---0.0rad/s £
; © 0.2 radls ’?
<30 - - 0.4 radls
—0.6 rad/s 1001
-e-08radis| | el
o 1.0rad/s
-3 . . . . . e . , . \ . ~
—?.5 -1 -0.5 ? 0.5 1 15 §95 -1 -0.5 0 0.5 1 15
@p, (rad) ¢ (rad)
(a) (b)

(a) Ay, with varying yaw rate . (b) Ag with varying bikebot velocity ;.

The torque generated by one unit of the steering angle is about five times
than that by one unit of the upper-body leaning angle.




Riding Performance Metrics

@ Quantify only the balancing performance by using the BEM concept

Balancing metric BM;

BMI - Fl(q7¢7v’r‘7u77-)'

@ Quantify both the balancing skills and the path-following
performance

Balancing-tracking metric BM,

BMy = Ep (el) aF Eq (62) e e{Mlel aF egMQGQ.

where e; and es are the position and the roll angle error
vectors, respectively, and M1 and M4 are positive definite
symmetric matrices obtained by solving the Lyapunov
equations.



EIC-Based Path-Following Design

@ The control goal is to follow the desired trajectory 7: (X4(t), Ya(t))
while keeping the platform balanced and stable

@ A two-step control system design process: (1) trajectory tracking
control design and (2) internal system stabilization design

ext
ugst |} |
T _|EIc system|| u |: External  (X.Y)

—_—
Controller 3 Yext : (X, Y, u)

4 V]-\Iext
Internal

- Subsystem 3

zint : ((LX’Y;'U') 3

(87 Next7 (X7§Y7 q)

iBikebot dynamics ¥

.................................



Bikebot Autonomous Control w/o Assistive Gyro-Balancer

o Linear feedback control for path-following:

uSyt = 7"23) — boé, — b1é, — boey, u®™t = R, (\Il + ue"t)

ext __

where u™t = [y eXt]T and ey(t) =rc, —74.

@ Balancing equilibrium manifold (BEM) concept

BEM under the external trajectory-tracking control u®**

£ ={(= ¢v)

Yy = @be(’@bav’r‘aue){ta@w) 790'be = 90.1.)6 = O}

@ Linear feedback control for the BEM stabilization

int

Uy, EQNext Pbe — A1€yp, — A0Ey, ;s u;zlt = 9¢ (‘Pb)(‘]t”izlt — f(p)).

where ey, = Qb — Ve, €y = Pb — Phe.

@ The controller is: C : u, = uS*, uy = u'l;t,uw =0.



Experiments: Dynamics Model Validation

Experimental trajectory odel validation results
o —Actual || ’ZEO()’
-2r ---Targeted[] 3 ol
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E "
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-10+ p
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-12} =
-14 -50 ’ ‘ ’
5 O S 10 40 50 80 ime () 7° 80 90
(a) (b)
(a) Bikebot riding of an “8"-shape path-following experiments. (b) Validation of the
rider-bikebot balancing subsystem dynamics.




Autonomous Controllers: Straight-Line Trajectory
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(d) Control inputs under C (e) Control inputs under C

Autonomous controllers: C — w/ gyro-balancer; C — w/o assistive gyro-balancer.




Autonomous Controllers: Circular Trajectory
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Autonomous & Human Experiments:

~-tUnder C
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Rider Path-Following Experiments and Performance

Rider-bikebot motion during the “8"-shape trajectory following

---BEM
— Actual

20 50 Bne (753 80 90 40 50 Fime (57)0 80 9 T a0 50 Tme @ 80 £

(a) Bikebot roll angle ¢ (b) Rider trunk roll angle ¢,  (c) Bikebot steering angle ¢

@ Rider's behavior closely tracks the desired equilibrium points

(Qpba Qph)
@ Similar behaviors between the human control and the EIC design




Rider Path-Following Performance

Comparison of the riding performance and metrics
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100 H n o Cirlce B, 2nd
: ) + Circle A, ard
-150) o3 Aty S -0.15] +_Circle8,3rd
AR 11 O B . T A “8igned [|&p [|2 (nfP !
(a) Metric BM, (b) Metric BM> (c) Error distributions
)

@ The performance metric under the rider control is much smaller
than that by the EIC control

@ The overall errors in circle trajectory are much smaller than those in
the “8"-shape path




@ Introducing the BEM concept to capture the human
balance motor skills in interactions with bikebot

@ Designing EIC-based balance controller with stability
analysis

@ Introducing BEM-based performance metrics to quantify
the balance and path-following skills

@ Conducting extensive experiments to demonstrate and
validate the control design and analyses



Stability and control of the physical
rider-bikebot interactions




Objectives and Approaches

@ Analyze stability of rider-bicycle interactions under human

neuro-balancing control

— Explain the clinical observation from control systems
viewpoints

— Provide possible design guidance for bikebot-assisted
rehabilitation

— Experimentally validate and demonstrate the human control
models



Objectives and Approaches

@ Analyze stability of rider-bicycle interactions under human

neuro-balancing control

— Explain the clinical observation from control systems
viewpoints

— Provide possible design guidance for bikebot-assisted
rehabilitation

— Experimentally validate and demonstrate the human control
models

Approaches

@ Use a human neuro-balancing control model
@ Stability analysis by the results of time-delay dynamical systems

@ Conducting experiments for human control models estimation
and the systems stability analyses




Human Neuro-Balancing Controller

@ Capture sensorimotor _
mechanisms due to ‘ iy phesic mechi
proprioception, vestibular oo ‘
and visual sensory ‘

Long-latency
sensory integration

Human | |Ph
bicycle 44—
dynamics
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Human Neuro-Balancing Controller

@ Capture sensorimotor
mechanisms due to
proprioception, vestibular S
and visual sensory ‘

tency phasic mechnism

s

vse” Tml

Long-latency
sensory integration

o _ , . 3 on
Wp1, Wyo — proprioceptive | : Th[ e ||
; =+ | dynamics

weights; W, — weight of the
vestibular/visual sensory

4 o : Intrinsic stiffness




Human Neuro-Balancing Controller

@ Capture sensorimotor
mechanisms due to :

proprioception, vestibular o ——
Ry

and visual sensory

o _ , . 3 on
Wp1, Wyo — proprioceptive | 5 Th[ e ||
; =+ | dynamics

weights; W, — weight of the
vestibular/visual sensory

@ Three time delays: the
short-, medium- and b
long-term phasic
mechanisms




Human Neuro-Balancing Controller

@ Capture sensorimotor
mechanisms due to
proprioception, vestibular
and visual sensory

Long-latency
sensory integration

Human | |Ph
bicycle 44—
dynamics

@ Wy1, Wya — proprioceptive
weights; W, — weight of the
vestibular/visual sensory

@ Three time delays: the
short-, medium- and vy
long-term phasic
mechanisms

@ The human neuro-balancing torque is (s: the Laplace operator)

T = Kipn(z1 —2x3) 4+ Bsi(xa — 24)e™ 7! — Byzge ™5 + (Wplxl —

K;
thg) (Kp + Kg4s + ?> e s




Human Neuro-Balancing Control — Experiments

Rider-bicycle poses comparisons

60 T T T T T T 200 T T T T T T
) Y 7 . - - R i
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50 u w - FOA o
150} Neuro. model
—— Experiment

Indoor riding experiments J




Stability Analysis of the Rider-Bicycle Systems

@ The rider-bicycle dynamics under the human neuro-balancing control is
a three-delay system

@ Steering control is needed for a stable system. A proportional steering
control u, = tan ¢ = kpqypy is considered (Soudbakhsh et al. (2012))

@ Stability charts to show the stability regions in the time-delay space
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Clinical Implications and Discussions

@ For PD patients (Kim et al. (2009), J Neurophysiol.)
— Larger K;,, and By than healthy control subjects

— Stability effect: a larger By helps the subject stabilize the bicycle
while the stability is insensitive to the stiffness Kj,

Neuro-PID gains Stiffness and P-gain Gain By and weight W,

o
9
S

°
°
o
2

]
2
]
8
£0.02
£
2
&

0.04.
120

°
2
2
)
S
&

Right most root
o
S

°
o
5
S
e

200
0 0K,
o

Explanation for the FOG clinical observation

o Larger damping gain in short-latency for PD/FOG patients helps
stabilize bicycle riding

o Larger intrinsic stiffness does not de-stabilize the bicycle balancing




Human Balance Riding Modeling

Upper-body torque and steering angle control models

Th(t) = known(t) + knios(t — 71) + kn2@o(t — 72) + knson(t — 71) + kna@n(t — m2)
1 ) .
P(t) = ) [kbupb(t — 73) + kp2Pp(t — 74) + kpzon(t — 73) + kpaPn(t — 7'4)]

r

Experimental validation

@ Both control models follow
the PD-structure with two
time delays

@ Simplified from the complete
model in neuroscience
literature

@ The perturbed experimental
data for model parameter
estimation and validation




Human Balance Riding Experiments

Disturbance sources

Experiments with sensorimotor perturbation

@ Three types of sensorimotor disturbances
— Randomly balance torque disturbance
— Visual disturbance (partially)

— Steering time delay disturbance 7

@ Five subjects with 2-3 trails for each disturbance

Upper-body
leaning part

Al

Visual feedback T
blocking/distorting

Steering
tracking delay

Gyro-balancer
torque




Experimental Results: Human Control Parameters

- ‘ 0.4
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Observations

® Under disturbances, parameters kp1 (increasing) and 73 (decreasing)
(steering) and kp1 (decreasing) (torque) change significantly

@ Total steering delay 753 < 0.36 sec (human balance delay limit)




Experimental Results: Human Balance Metrics
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Observations

@ Longer steering delay 75, more difficult to balance (larger B/;)

@ More severe visual disturbance, more difficult to balance (larger BA/;)




Experimental Results: Stability Regions

kpa (m?/s)

10 11,
kp1 (m?/5?)

(c) 753 =0.35 s

V.

@ The shapes of the stability regions changes significantly with delays 73

@ The changes of stable k;; match the experiments
@ Almost all experiments lie in the stable regions

@ Longer steering delay results closer to the stability region boundary




Conclusions and Ongoing Work

Conclusions

@ Developed a bikebot experimental platform to study the unstable
physical human-machine interactions (pHMI)

@ A physical-learning model was presented to capture the physical
rider-bikebot interactions in low-dimensional space

@ Analyzed balance skills and defined motor skills metrics in
rider-bikebot interactions

@ A neuro-balancing control model was developed and integrated with
the rider-bicycle model

@ Stability results were obtained and the sensitivity of the model and
control parameters was found to explain the striking clinical
observations

@ Extensive experiments were conducted for model estimation and
performance demonstration




Ongoing Work

@ Conducting experiments to further refine the BEM-based metrics to
quantify the balance-tracking motor skills

@ Tuning and controlling human sensorimotor skills with the actuated
bikebots

@ Extensive pre-clinic experiments and testing with human subjects

ased
mof apturing [
cameras

s P
Steeri ng

motor’

Cornputer—
controlled
compliant
Support

Outdoor bikebot Indoor blkebot
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GPDM for Human Limb Motion

@ The first term P(Y'| X, 3) is factorized as D GP regressions

D D

P(Y|X7/8) - HP(Y1|X7/81) - HN(Yi|07Kyi +0121i1)’

i=1 i=1
where K, is a Gaussian kernel function, W is a diagonal matrix,
/Bi = {a.fzu Wi)o-’ni} and /3 = {ﬂl}D

@ The GP model to estimate the second term

d d
P(X|U,a) =] P@U, ;) = [[N(6x:]0, Ko, + af,niI),
=1 =1

where z; = {x;(k)}V, 6z; = {02:(k)}Y, s(k) = [T (k) ul (K)]T,
K ,. is a Gaussian kernel function, a; = {axfi,Wxi,axni} and
o= {o;}?.



GPDM: Mapping from Latent Space to Physical Space

@ Given latent state (k) and observation T, = {{z(i)}", {y(i)}V},
the physical joint angles satisfy

Py(k)|z(k),To) = N(y(F)|GPu(2(k), To), GP(x(k), To)),

where GPs(x(k),T,) and GP,(x(k),T,) are GPs with
k, = O.J%e—%(s(k—l)—sq)TW(s*—sp)'

@ The Jacobians of output y(k) and the latent state (needed for EKF
design) are respectively as

dy(k) _ 0GP, (x(k),T,) Ok

oz (k) Ok ox(k)’
dox(k)  OGP,(s(k—1),T,) 0Ok
ox(k—1) Ok oz(k—1)’

where prediction T, = {{s(i — 1)}V, {6z(i)}V}.



EKF Design for Limb Pose Estimation

@ Bayesian filter is used to predict EKF Implementation

the output y(k|k)

Algorithm 2: EKF implementation

@ Instead of constant covariances, Input: g,,(0[0), x(0]0), @, and @,
Output: Estimates q,, (k), x(k), and y(k)
Q(k) and R(k) are updated by | Initialize variance matrices Q(0), R(0), £(0);

while k <N do
Update v(k|k = 1) (i.c.. [qf, x"]") by (9) and (2a);
Q(k)(s:7,5:7) = GPx(si-1,T)p);
F=[f" i 8]75Gk) = 5|, _,) with (5);
Z(klk—1) = G Z(k — )G" (k) + Q(k);
Update 2(k) with v(k|k — 1), y(k— 1) by (10)-(12) ;

the GP generated by the GPDM
(Lines 3 & 12)

EKF design flowchart
M(k) = Ges(x(Kk—1),T,)}

oz . Iz .
qir(k|k), 2(k|k) and k < k + 1 H(k) = W'wk}kq)vN(k): W'v(k\k])’

K(k) = S(k|k — DH (k) [l]i(k)Z(k\k - DH (k) +
S ST N(K)M(KNT (k) + R(K)] ™'
IMU gy ¢tr(k“f’) 0 v(k) = v(klk— 1)+ K(k)(0—Z(k)):

wpw (klk + 1
h28 1 Gyroscope model o P 2(k) = (1- K(K)H(k))Z(k[k — 1);
Eq. (10) q4,(k|k), z(k|k n y(k)=BayesianFilter (v(k),X(k)Z(k));

end

N N )

xz(k|k
(k1) function y=BayesianFilter (v,1,2);
Latent d bk 2 §=W(); Gy = aa_\ﬂv with (7); Qy =GPy (x,To);
model [ ‘Prediction model Bayesian filter (k| k) B Iy = G,IGl + Q:H, = %;
Eq. (2a) ‘ Eq. (2b) update o T o T ly
K=2%H,(H,XH, +R)"";

""""""""""" z(klk—1)  y(klk—1) ) 4 y=3+K(0-2);




Rider-Bikebot Interaction Dynamic Model

@ Steering (i.e., yaw motion) SCheTi:iecraocftit::sr:z::tlikeb()t

. vpC . vpc .
Uy =) = — £ sec? o+ T—zg S, tan gy,
lcy, leg,

@ Upper-body leaning (i.e.,
gravity/centripetal torques) and torque
input 7 = [0 73,]7 - Velocity control: rear
wheel speed v,

@ Balance coordinates ¢, and ¢, (bikebot
and human upper-body rolling angles).
Position coordinates X, Y,

@ Balancing dynamics model (i.e., internal model)

M(q)q +C(q,q) + G(q) = T + Bu,

where g = [y, )T, control input w = [u, uy]?, u, = .



Assistive Gyro-Balancer Control Design

@ Closed-loop position error dynamics:

.. hd 0 0
ef) -+t + bty vy = dy = By | | =[]

— 1nt ext
ep is driven by the difference dy = ;" — ™!

@ The use of assistive gyro-balancer is to reduce ldp||. The new
steering control u ‘mt and the gyro-balancer control u,,

int int

Jpt = f (sO)w + gw(sO)uw = f(®) + gy (@)U} + Guww-
where |do| — |do| > 0 and dy = u ufb"t.
° (Eonsidering the physical limits, the gyro-balancer-assisted controller
C: (u,e,Xt,u'gt ) with
wy = sign(u) min (|95 g0 (1do] = by, | Fie (0w)]) +

)t = gy, (o) [Jof = F(r) — guitu] -




Assistive Gyro-Balancer Control Design

@ Closed-loop position error dynamics:

.. hd 0 0
ef) -+t + bty vy = dy = By | | =[]

— 1nt ext
ep is driven by the difference dy = ;" — ™!

@ The use of assistive gyro-balancer is to reduce ldp||. The new
steering control u ‘mt and the gyro-balancer control u,,

Jpt = f (sO)w + gy (@) = f(9) + gy (D) TE" + Guth-

Stablllty and Convergence Results

@ Under C and C, the position tracking errors e,(t) and &,(t)
exponentially converge to regions near the origin.

o |lep(t)|| < efl’,(t) and ||e,(t)|| < € ( ), then & (t) <e ( ), for
Vit > t,




Stability Analysis for the EIC Design

Closed loop errors dynamics:

/
61(,3) + b2€, + b1y + boe, = Ry, [%p] = Pp (2)

éq + aléq + azeq = Py- (3)

Driving disturbances:

P, = pp(@: 4,4, 4.) = (B;'(q.) [Cq(a.) — G(a.)]),
— (B7 (@) [M(@)§ + Cy(q,4) + G(9)]), ,

Py =Gc — L, qc + 01(d, — LNoode)- (4)

with the boundaries

Ippll2 < c1 + callei]|2 + csllez]|2,

IPgll2 < ca + cslle]|2 + collez]|2-



Stability analysis for EIC design (cont'd)

For the feedback linearized dynamics matrices

0 1 0 0 .
A,=l0 0 1 ,qu[_a _a]. (5)
—by —by —by ! 0

and for given positive definite symmetric matrices Q,, and Q,, we
can find out M, € R33 and M, € R?>*? such that

M,A, + ATM, = -Q,, M,A,+ ATM, = —Q,.
We consider the Lyapunov function candidate

V= e{Mlel + egMgeg, (6)

with M = diag(M,, M) and My = diag(M 4, M ).



Stability analysis for EIC design (cont'd)

For any given positive di,ds > 0, we have

2.2 2.2

. o C Q. C

V<—m— 22 llealls — {12 — —22 | llealls + di + di,
dq d

with n1 = 8, — 2apca — a3 — ayes and

m = /Bq - 2aqc6 — QpC3 — QCs.

Therefore, if existing 1, > agc%/dl, Ny > agci/dg, as t — 0o,
V= 6?(t)M161(t) + eg(t)Mgeg(t) < b,with

b= arg, osup{k = V(e e2), (e1,e2) € Q*}.
and the bounded closed set

O = {(e1,e2) : (m — alc}/dy) llerll3+(n2 — alci/da) [leal|3 = d1+d2}




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesNewRomanPS-ItalicMT
  ]
  /NeverEmbed [ true
    /ACaslonPro-Bold
    /ACaslonPro-BoldItalic
    /ACaslonPro-Italic
    /ACaslonPro-Regular
    /ACaslonPro-Semibold
    /ACaslonPro-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeDevanagari-Bold
    /AdobeDevanagari-BoldItalic
    /AdobeDevanagari-Italic
    /AdobeDevanagari-Regular
    /AdobeFangsongStd-Regular
    /AdobeFanHeitiStd-Bold
    /AdobeGothicStd-Bold
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeKaitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobeNaskh-Medium
    /AdobeSongStd-Light
    /AGaramondPro-Bold
    /AGaramondPro-BoldItalic
    /AGaramondPro-Italic
    /AGaramondPro-Regular
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BirchStd
    /BlackadderITC-Regular
    /BlackoakStd
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /BrushScriptStd
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /Calibri-Light
    /Calibri-LightItalic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ChaparralPro-Bold
    /ChaparralPro-BoldIt
    /ChaparralPro-Italic
    /ChaparralPro-LightIt
    /ChaparralPro-Regular
    /CharlemagneStd-Bold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /ComicSansMS-BoldItalic
    /ComicSansMS-Italic
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CooperBlackStd
    /CooperBlackStd-Italic
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DengXian-Bold
    /DengXian-Light
    /DengXian-Regular
    /Dubai-Bold
    /Dubai-Light
    /Dubai-Medium
    /Dubai-Regular
    /Ebrima
    /Ebrima-Bold
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /FangSong
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FZSTK--GBK1-0
    /FZYTK--GBK1-0
    /Gabriola
    /Gadugi
    /Gadugi-Bold
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GiddyupStd
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HoboStd
    /HoloLensMDL2Assets
    /HYc4gf
    /HYc5gf
    /HYc6gf
    /HYc7gf
    /HYi5gf
    /HYi6gf
    /HYi7gf
    /HYs1gf
    /HYs2gf
    /HYs5gf
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /JavaneseText
    /Jokerman-Regular
    /JuiceITC-Regular
    /KaiTi
    /KozGoPr6N-Bold
    /KozGoPr6N-ExtraLight
    /KozGoPr6N-Heavy
    /KozGoPr6N-Light
    /KozGoPr6N-Medium
    /KozGoPr6N-Regular
    /KozGoPro-Bold
    /KozGoPro-ExtraLight
    /KozGoPro-Heavy
    /KozGoPro-Light
    /KozGoPro-Medium
    /KozGoPro-Regular
    /KozMinPr6N-Bold
    /KozMinPr6N-ExtraLight
    /KozMinPr6N-Heavy
    /KozMinPr6N-Light
    /KozMinPr6N-Medium
    /KozMinPr6N-Regular
    /KozMinPro-Bold
    /KozMinPro-ExtraLight
    /KozMinPro-Heavy
    /KozMinPro-Light
    /KozMinPro-Medium
    /KozMinPro-Regular
    /KristenITC-Regular
    /KunstlerScript
    /LatinWide
    /Leelawadee
    /LeelawadeeBold
    /Leelawadee-Bold
    /LeelawadeeUI
    /LeelawadeeUI-Bold
    /LeelawadeeUI-Semilight
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LiSu
    /LithosPro-Black
    /LithosPro-Regular
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MalgunGothic
    /MalgunGothicBold
    /MalgunGothic-Semilight
    /Marlett
    /MaturaMTScriptCapitals
    /MesquiteStd
    /MicrosoftHimalaya
    /MicrosoftJhengHeiBold
    /MicrosoftJhengHeiLight
    /MicrosoftJhengHeiRegular
    /MicrosoftJhengHeiUIBold
    /MicrosoftJhengHeiUILight
    /MicrosoftJhengHeiUIRegular
    /MicrosoftNewTaiLue
    /MicrosoftNewTaiLue-Bold
    /MicrosoftOfficePreviewFont
    /MicrosoftPhagsPa
    /MicrosoftPhagsPa-Bold
    /MicrosoftSansSerif
    /MicrosoftTaiLe
    /MicrosoftTaiLe-Bold
    /MicrosoftUighur
    /MicrosoftUighur-Bold
    /MicrosoftYaHei
    /MicrosoftYaHei-Bold
    /MicrosoftYaHeiLight
    /MicrosoftYaHeiUI
    /MicrosoftYaHeiUI-Bold
    /MicrosoftYaHeiUILight
    /Microsoft-Yi-Baiti
    /MingLiU-ExtB
    /Ming-Lt-HKSCS-ExtB
    /MinionPro-Bold
    /MinionPro-BoldCn
    /MinionPro-BoldCnIt
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Medium
    /MinionPro-MediumIt
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Mistral
    /Modern-Regular
    /MongolianBaiti
    /MonotypeCorsiva
    /MS-Gothic
    /MSOfficeSymbolBold
    /MSOfficeSymbolExtralight
    /MSOfficeSymbolLight
    /MSOfficeSymbolRegular
    /MSOfficeSymbolSemibold
    /MSOfficeSymbolSemilight
    /MSOutlook
    /MS-PGothic
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /MyanmarText
    /MyanmarText-Bold
    /MyriadArabic-Bold
    /MyriadArabic-BoldIt
    /MyriadArabic-It
    /MyriadArabic-Regular
    /MyriadHebrew-Bold
    /MyriadHebrew-BoldIt
    /MyriadHebrew-It
    /MyriadHebrew-Regular
    /MyriadPro-Bold
    /MyriadPro-BoldCond
    /MyriadPro-BoldCondIt
    /MyriadPro-BoldIt
    /MyriadPro-Cond
    /MyriadPro-CondIt
    /MyriadPro-It
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NirmalaUI
    /NirmalaUI-Bold
    /NirmalaUI-Semilight
    /NSimSun
    /NuevaStd-Bold
    /NuevaStd-BoldCond
    /NuevaStd-BoldCondItalic
    /NuevaStd-Cond
    /NuevaStd-CondItalic
    /NuevaStd-Italic
    /OCRAExtended
    /OCR-AII
    /OCRAStd
    /OCRBMT
    /OldEnglishTextMT
    /Onyx
    /OratorStd
    /OratorStd-Slanted
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU-ExtB
    /PoorRichard-Regular
    /PoplarStd
    /PrestigeEliteStd-Bd
    /Pristina-Regular
    /QuickType
    /QuickType-Bold
    /QuickTypeCondensed
    /QuickTypeCondensed-Bold
    /QuickTypeCondensed-Italic
    /QuickTypeII
    /QuickTypeII-Bold
    /QuickTypeIICondensed
    /QuickTypeIICondensed-Bold
    /QuickTypeIICondensed-Italic
    /QuickTypeII-Italic
    /QuickTypeIIMono
    /QuickTypeIIPi
    /QuickType-Italic
    /QuickTypeMono
    /QuickTypePi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RosewoodStd-Regular
    /ScriptMTBold
    /SegoeMDL2Assets
    /SegoePrint
    /SegoePrint-Bold
    /SegoeScript
    /SegoeScript-Bold
    /SegoeUI
    /SegoeUIBlack
    /SegoeUIBlack-Italic
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUIEmoji
    /SegoeUIHistoric
    /SegoeUI-Italic
    /SegoeUI-Light
    /SegoeUI-LightItalic
    /SegoeUI-Semibold
    /SegoeUI-SemiboldItalic
    /SegoeUI-Semilight
    /SegoeUI-SemilightItalic
    /SegoeUISymbol
    /ShowcardGothic-Reg
    /SimHei
    /SimSun
    /SimSun-ExtB
    /SitkaBanner
    /SitkaBanner-Bold
    /SitkaBanner-BoldItalic
    /SitkaBanner-Italic
    /SitkaDisplay
    /SitkaDisplay-Bold
    /SitkaDisplay-BoldItalic
    /SitkaDisplay-Italic
    /SitkaHeading
    /SitkaHeading-Bold
    /SitkaHeading-BoldItalic
    /SitkaHeading-Italic
    /SitkaSmall
    /SitkaSmall-Bold
    /SitkaSmall-BoldItalic
    /SitkaSmall-Italic
    /SitkaSubheading
    /SitkaSubheading-Bold
    /SitkaSubheading-BoldItalic
    /SitkaSubheading-Italic
    /SitkaText
    /SitkaText-Bold
    /SitkaText-BoldItalic
    /SitkaText-Italic
    /SnapITC-Regular
    /Sshlinedraw
    /STCaiyun
    /Stencil
    /StencilStd
    /STFangsong
    /STHupo
    /STIXGeneral-Bold
    /STIXGeneral-BoldItalic
    /STIXGeneral-Italic
    /STIXGeneral-Regular
    /STIXIntegralsD-Bold
    /STIXIntegralsD-Regular
    /STIXIntegralsSm-Bold
    /STIXIntegralsSm-Regular
    /STIXIntegralsUp-Bold
    /STIXIntegralsUpD-Bold
    /STIXIntegralsUpD-Regular
    /STIXIntegralsUp-Regular
    /STIXIntegralsUpSm-Bold
    /STIXIntegralsUpSm-Regular
    /STIXNonUnicode-Bold
    /STIXNonUnicode-BoldItalic
    /STIXNonUnicode-Italic
    /STIXNonUnicode-Regular
    /STIXSizeFiveSym-Regular
    /STIXSizeFourSym-Bold
    /STIXSizeFourSym-Regular
    /STIXSizeOneSym-Bold
    /STIXSizeOneSym-Regular
    /STIXSizeThreeSym-Bold
    /STIXSizeThreeSym-Regular
    /STIXSizeTwoSym-Bold
    /STIXSizeTwoSym-Regular
    /STIXVariants-Bold
    /STIXVariants-Regular
    /STKaiti
    /STSong
    /STXihei
    /STXingkai
    /STXinwei
    /STZhongsong
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TektonPro-Bold
    /TektonPro-BoldCond
    /TektonPro-BoldExt
    /TektonPro-BoldObl
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPSMT
    /TrajanPro-Bold
    /TrajanPro-Regular
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /YouYuan
    /YuGothic-Bold
    /YuGothic-Light
    /YuGothic-Medium
    /YuGothic-Regular
    /YuGothicUI-Bold
    /YuGothicUI-Light
    /YuGothicUI-Regular
    /YuGothicUI-Semibold
    /YuGothicUI-Semilight
    /ZWAdobeF
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


	fd@rm@0: 
	fd@rm@1: 
	fd@rm@2: 


