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control of biological systems
involves many components

neural » activation » purposeful
commands dynamics movement
neuromuscular

junction /\

pathway of command to movement

but what is the brain doing?
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neural controlds a black box

neural
commands

our-understanding is still in
infancy ...

® brain-machine interfaces

® prosthetics

= rectus femoris

0 time (seconds) 14

. and our tools are less than
ideal

® Surface Electromyography
(sEMG)

® dynamometry

® computed control
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introduction

there are many conflicting
theories about control

® muscle synergies - brain
[ organizes muscles in groups

commands

? ® minimization - brain
optimizes some value

® task prioritization - brain
decomposes complex
behaviors into tasks

biomechanists conventionally look for optimized or
minimized solutions...

OpenSim modeling software used in this dissertation even
has two algorithms that optimize controls (CMC, SO)

but why?
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biomechanists have to borrow

tools‘from roboticists!
optimal controls are desirable for roboticists and

biomechanists borrow their algorithms for computed
control ...

BigDog
(Boston Dynamics)

modular snake robot
(Carnegie Mellon)

... but biological systems aren’t robots !

1 . . e
https: //www.bostondynamics.com /legacy, http://biorobotics.ri.cmu.edu/
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biomechanists need specialized
tools to investigate the control
of biological systems without
assuming optimization of the
commands according to arbitrary
objectives

the objective of this dissertation
was to design tools that explore

the solution space where control

can_happen

this dissertation is a unifying
platform that other analyses of
control can be layered

this dissertation serves as a
vehicle for machine learning in
musculoskeletal modeling

my contribution

neural
commands

<"

g -

SNS

3

m
m3

Let's probe the possibilities!
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a "feasible set" is'that space of

possibilities

feasible set is also known as feasible region, search

space, or solution space
Different representations:

1
[3

0<m <1
0<mp <1
0<m <1

N

H is halfspace representation

H=[b-A>0=

HHHOOO@
coloon3
oloomod
lLoorood

m3

P

== o oo

V is vertex representation

3

mroorrood

m
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vertex enumeration is the process of finding the map from

introduction H — v
$1 apples a and $2 bananas b with $10 in my pocket:

0<1a<10
o 0 =210
la+2b <10
:
s N Vertices: (0,0),(10,0),(0,5)

Result a

feasible activation space (FAS) is the set of all possible
muscle activations that satisfy some constraint
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first, let's review dynamics

introduction

Result:

Methods

Result

Methods

Results

we can think about the motion of systems in terms of the

e locations of end effectors in @ or configurations of joints in C
equations in terms equations in terms
configuration space operational space

QeC — X e
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infroduction e generalized coordinate: Q ® position in space: X
S ® generalized force: I e force: F
® mass matrix: M ® kinetic energy: A
ot ® centrifugal 4+ Coriolis: C ® centrifugal + Coriolis: p
e ® Gravity: G ® Gravity: p
* M(Q)Q+C(2,0)0+ © MO + (X, X) +

. G(Q)=T P(X) + JextFext = F

J is a jacobian (X = J(Q)Q)
Jext is the jacobian to the applied external forces

(M = JTAJ)?

2Khatib 1987, IEEE Journal of Robotics and Automation
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introduction

- i .

) - -

Methods ‘ 2 J

- .
1 S

we use recorded motion capture

e and force plate data to make
subject specific physics-based

Methods models

o t computed control involves
finding the muscle activations

Resuls [ower Anabss] that contribute to I (ID torques)

how complex does the muscle

model have to be?

ahttps://news.cision.com/vicon
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Pseudo-static

Methods

isolate away the dynamic
contributions, how does the
muscle physiology influence

force?
assume statics ) \/:w@
Wiy —
(3> F =0, M =0) over each 4
discrete time of the dynamic task L7
and iteratively pose the model - i
® a) Muscle F-L b) Muscle F-V c) Tendon
what muscle parameters do we R T 1 10
H ! =05
have to consider? (Fo,/m,Vm) %
20 1 1+ 23 —-._— 1
Normelized Length Normalized Velosity Tendon Strain

Muscle force:
Frm = Fo(aft(Im)fY (Vi) + FFE(Im)) cos o

Fo peak isometric force, I, muscle fiber length, v,, fiber velocity, a

activation, « pennation angle. FL curve, FV curve, FPE curve
3

3 . . . .
Thelen DG (2003) Adjustment of muscle mechanics model parameters to simulate.dynamic
contractions in older adults
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Pseudo-static how do muscle fiber length and
e muscle fiber velocity effects

influence the force generating
capacity during gait? How do
 foccevelocity they work together?

Forward Problem
Methods

Results

Inverse Problem
Methods

Results

Loads Constrained
Methods

Results

FAS Trajectories

[ T 1
Methods 0% 10 100%
Results 4
Conclusion

acknowledgements

4
De Sapio (2008) Least action principles and their application to constrained and task-level
problems in robotics and biomechanics
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Pseudo-static

Methods this is the shortest euclidean
e distance to the joint, but can
involve complicated routing

Methods

Results

muscle induced moments:

Methods

Results

Methods

T=ROF

e R: muscle moment arms matrix
Rtz F: muscle force

Results
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map muscle forces to static
output force

step one: To map joint
moments to forces, use J— T

M: oM
Mo MT
M: ... MT
Foxm=1Ff  Fp
1 m
Lo F
. Ny
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Results

finding all possible muscle
contributions to end effector

step two: Minkowski sum the
columns (pretend the columns
are the spanning set and make
positive linear combinations)

forces
M;, My
My My
ML MM
Foxm =\ gl pm
1 m
Fy Fy
F1 Fm
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pseudo-static analysis
experimental design

using existing gait data set available from simTK.org °

Subjects walk at each of 4
self-selected speeds:

PR S S O |
xslow,slow, free,fast S U O O
3 muscle physiological A%} A—(}. A
[ T 1

considerations:

100%

® FO only
® FO and Iy
® FO, Iy, and vy,

No between-subjects variables in
the design

statistical analysis performed
Spline each dataset to with the GLM procedure with
0% — 100% of gait. SPSS

5. A . .
Liu et al (2008), Muscle contributions to support ‘and progression over a range of walking speeds
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OpenSim and MATLAB analysis

post hoc analysis performed with

OpenSim and MATLAB with

CMC states
T’

feasible force space split into
propulsive and braking forces

muscle ' model change for
physiological consideration

Fo .
F., = Fpacosa

I

Fm = Fo(aft(Im)+fFPE(l)) cos o

Im and vpp:
Fm = Fo(aft(In)fY (vim) +
fPE(In)) cos a

compute force volumes for each
type of space
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force volume (105N3)

o

©wo

o

significant effects of /,&v,, on

FO fast
Im Mmuscle  walking fﬁge
; slow
vmphysiology speeds oo
M\ z

A A AS
- o

g

Al s

L A AN 3
©

o

2

— 4&*‘\/\ o
0 AVG TO 100 0 AVG TO 100 é

percent of gait (%)

volumes
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Methods

take-aways: muscle physiology
significantly changes force
generating capacity

for the rest of this dissertation, equations that deal with
muscles will include both the I and v, effects

postural differences from different gait speeds were not
significant

dynamical consideration
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Methods

Results

dynamical considerations and
projection operators

a downstream parameter is an activations-dependent
parameter

if we already have the set of dynamically consistent muscle
activations (inverse problem solution), can we map back
to the downstream parameter (joint moments, accelerations,
etc)?

YES!
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strategy using‘homogeneous

@ construct a projector
reflecting the a-dependent
components of force

@® project to a dimension n+ 1

© return to n and translate by
the a-independent
components of force

n
a—independent 1
Ixm

P:

Pa;g,ependent 01

coordinates

We can map feasible activations
back to moments by:
[=R(Q)©Fa

We can map the feasible
activations to induced
accelerations by:

X =JQM(Q)(R(Q)®
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N This isn’'t nullspace projection. Every activation set in FAS
Pseudo-static maps to one possible acceleration.

Methods

Results

Forward Problem

Methods .
Results THiong TRiat ID constrained
CcMC

Inverse Problem
Methods

biceps brachii longhead
biceps brachii shorthead:
.« brachioradialis

Results TRImed BiClong

050 /

BICshort BRA

Loads Constrained
Methods

Results

muscle activation

FAS Trajectories
Methods

o% 100% 0%, 100%

percent of task (%

¥

Results

Conclusion

A

triceps medial head

acknowledgements triceps lateral head
triceps long head

@y
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every activation maps to one set of accelerations
w/s’ m/s’
3 0
. X2 =2

1.54

Y1.01

Vlethod 0.54 —0.051

127
(<<

0.01
ethods 301
7 201 —0.11
101 —0.21
0% 100% 0% 100%

percent of task (%)
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introduction £
hamstrings
Pseudo-static rectus femoris
3 vastus intermedius.
Methods £ biceps femoris short head
Results
Forward Problem ‘
Methods =
Results 10 hamstings bifemsh.r Giitmar - ilopsoas
Inverse Problem o ‘V\MI] Jk J\A
Methods o
. Lo0_rectfem s vasti ¢ gastroc ¢ soleus ¢
Loads Constrained c _}\/\ m M,J
0o VANEEN
Methods ]
© tib_ant_« hamstrings | bifersh | gt max 1
Results >
=
FAS Trajectories ® " MMN\] U\_r\ u .
. (]
Methods O iliopsoas.I rect fem_| vasti| gastroc |
Results a
g 00
Conclusion i VAN
ks oo 0% o

.\ soleus | tib_ant | L

A AAYA

o% 1o 100%
o 10

acknowledgements

1D constrained
—CMC

£

" E;ercent gf gait (%)
[m] = =




Feasible Sets
Analysis of
Musculoskeletal
Systems

Aravind
Sundararajan

Methods
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Results

Methods

Results

Methods

Results

Methods

mapping FAS to_joint moments
every activation maps to one set of joint moments

mapped joint moment
— ID solution

Hip knee ankle
flexion flexion flexion
200
§ 09/ N —— —_— f\v== “:3)_
=~ _200 -
Q
3 200
g ol | |3
200 : : : : :
0% 100% 0% 100% 0% 100%

percent of gait (%)

AAIA
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sanity test came up OKAY

nullspace of a task are the space of possible @ that that
don't change the end effector position

these methods can be used to obtain feasible downstream
parameters in the nullspace of a task
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Inverse Problem

Methods

computing feasible activation
space (FAS)

typical approach (CMC/SO) to computed control is to find
an optimized solution constrained by ID (I'¢ask) according
to a quadratic objective

instead, let's find the space of every possible solution

if we have ID and the kinematics, can we find the boundaries

of possible solutions of muscle activation?
YES!
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Methods
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Inverse Problem

Methods

boundaries of activation space:

Hbounds =

_ )OO - O

inverse problem boundaries

[ay

o

OO O K -

o

cor o -

this is just a unit
hypercube with
2(n muscles) yertices
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f
—Ttask + > Fin Rmxc +Text > F;I:lexcam
f
Mask — 2 Fa" Rmxc — Text 2 _F,?-,r,i,lleXcam

H,
Hras = [ HbtaSl; 1

H task —

step two: use vertex enumeration on Hpag to find Vpas

step three: move forward one step in At, repeat steps 1
and 2 till task-completion.
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. TRilong TRilat
Pseudo-static :
Methods C o5
o
Results =] 4
g s
me jong
Forward Problem s
O
Methods © o /
Results (] /
D s o
Inverse Problem 35
Methods IS
Results
£ oo o Lo

Loads Constrained percent of task (%)
Methods

Results

o)
&

FAS Trajectories
Methods

Results

Conclusion

acknowledgements

ID constrained
-CMC

| can bound CMC's solution!

biceps brachii longhead
biceps brachii shorthead
Uy brachioradialis

triceps medial head
triceps lateral head
triceps long head
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nonzero lower bounds indicates

muscle activation

necessity

hip

rectus femoris
vastus intermedius
biceps femoris short head

knee

o ¢ emsh e — tiopsoas ¢
- ‘V\M/] \_,rﬁ\j A
vt tem® vosir qusroc s soevs ¢
Lot o — g maxd
- MMN\./ k‘/'l'\_/\ }L,\/
N
T ecttem! s gasrc.
,

o 00% 0% 100%
soleus | tib_ant | |

To 100%
ID constrained
—CMC

i
L

100% 0%

percent of gait (%)
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Methods
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Methods

Results
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adding muscles with overlapping
functionsreduces necessity

23 DOF 54 muscles model freely available with OpenSim

muscle activation

- x i ifemsh_r Wiacus- N
N glut_med1 - glut_med2 r glut_med3 r bifemlh_r bifemsh tensor # \
o Suteus e e
aso =
=
AL Al Laln,
o
X sarr a0 mag2 ¢ e pect gracr
rectus femoris
050 biceps femoris long head
oA A A DA MW e A N grecils
Lo, SUEMILE gt mar2r | glutmaxdr iacus ¢ psoas
biceps femoris short head
050 g vastus intermedius
c
e | 4
L.t ¢ gem © peri.r et fom ¢ vas int
medial gastrocnemius
0s0
o o
Lo med gas ¢ soleus.r tib_post b ant.r '
\
AAAN .
o To 1000 o tials posterior
ID constrained =
—CMC =4 tbialis anterior
e oo 05 0% H

percent of gait (%)
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Methods

Results

Methods

| need a better way to constrain
H-FAS

| developed a method of calculating Vrag over each discrete
time of a dynamic task for arbitrary models

previous research has assumed statics or ignored muscle
parameters

constrain by joint loads

| n

this section | next section |

N

3

[
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Results

Methods

Results

Methods

Results

Loads Constrained
Methods

Results

Methods

Resu

constraining FAS by joint
contact forces

FAS from the inverse problem
was pretty big

many activations had
range = [0, 1] over progression of
the task

the joint loads are downstream
parameters with analytical
expressions that we can use
along with IMask

if we have ID solution, the IK
solution, and joint loads can we
further bound the possible
solutions?

YES!

most muscles were unnecessary,
even for simple models

muscle activation

L
=

hamstrings ¢

bifemsh_r

glut_max 1

=

’

rect fem ¢

PrLw

iliopsoas |

rect fem |

tib_ant - hamstrings | bifemsh | glut max |
| N
vasti |

gastroc |

1OV

soleus |

tib_ant |

-

5

100% 0% 100%

o%

AYAAN

100% 0% 100%

0% o 100%

ID constrained
MC

percent of gait (%)
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Results
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Results
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Results
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Results
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We have to sum expressions
working up the kinematic tree.

if we know the system topology
(kinematic chains), then we can
write an algorithm that
determines the joint loading
expression as a function of
muscle parameters.

e FJ = Fmamfbl +o 4+ Fmamfbb +
Method: Fmpmfbl + e —|— Fmpmfbb +
Result Fextbl + - _|_ FEthb+

@y Mp, + + -+ + ap,Mp,
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constructing the H-FAS with

joint contact forces constraint
step one: construct task + joint loads constraints:

Hyo = —Ttask + 2 Fr%mmexc +Text +€ > F%r:lexcam
| Thask — X PR Rmxe — T € X —F Ry cam
Hict = 2 Fites Fmpmf1—>b ~ ety 2 Fmamf1—>b
Z FJ + €= Frnpmfliﬂ7 - Feth—HJ Z Fmamflﬁb
Htask
Hras = | Hier
Hbounds

step two: use vertex enumeration on Hpag to find Vpas

step three: move forward one At, repeat steps 1 and 2 till
task-completion.
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muscle activation

| can use elbow loads to capture
the CMC solution with better

TRiong st ID constrained
u)CF constrained
‘ =CMC gﬁ

BiCshort

|

BRA

o%

percent of task (%)

00 o Tome %

accuracy

biceps brachii longhead
biceps brachii shorthead

%Chioradialis

.

triceps medial head
triceps lateral head
triceps long head
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o gluteus maximus:
= iliapsoas.
hamstring:
Mt rectus femoris.
3 vastus intermedius-
Results g biceps femoris short head:
Methods 2 tibialis anterior- /
Results s soleus ;
g homstings ¢ biemsh - 51 iopsoss ¢
e w
Results os0 h
000 - L S
rect fem ¢ vast ¢ gastroc s soleus ¢
100 o
Methods o o
Results o .
® i an < namstcos oremsn o
>
2
Methods 4
Results o
1o
w
=]
S

soleus | tb_ant 1 . .

I ' ID constrained
-|| uCF constrained
- o " -CMC |

{f
percent of gait (%) ‘1040
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Methods i
§ Lo gumedl e gt meﬂZ . gm« med3 ¢ biterin ¢ bifemsh_r tensor fascia latae
el LJ o IV Sioteus mammus
030 <= Gemell
pectineus —poose
o adductor magNUS— quadriceps femoris
Wiz et 100 sar add_mag2_r pect_r sartorius-
Results ‘ rectus femoris
o o biceps femoris long head
5] graciis
2
Methods © g mm . g maxz L g m.,x, : iiacus ¢
§ =2 biceps femoris short head
Results 5 o 9 vastus intermedius.
© g
Q0
Methods % Ll - —/7
medial gastrocnemius
R
o LAl L o N

med gas.r tib_post_r

o o 100%
D constrained

e g ICF constrained

percent of ga|t (%

soleus.
tiblalis posterior
tbialis anterior

ankle
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Methods

Methods

Results

Methods

Methods

Results

Methods

Results

can we navigate H-FAS without
computing V-FAS?

| developed a method of calculating Vrag constrained by
joint loading by procedurally constructing the analytical
expression

this method works for arbitrary models and can be expanded
to any muscle-dependent parameter as long as there's an
analytical expression for it!

constrain by activation dynamics
this section | | next section |
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can we tie H-FAS together in

time?
this has only been theorized °

muscle 2 activalion

6Cohn (2018), Feasibility Theory Reconciles and Informs Alternate Approaches to Neuromuscular
Control
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Sundararajan ) tons - ID constrained
c mCF constrained
o -CMC P
5 N
5

Methods 1®)
T i
3.
>

Methods £ o

Results 000

percent ofmtask (%im
Methods
Results
bounds plots are a little deceiving...
Methods
Results

FAS Trajectories

Methods

Rests if we have the ID solution, the IK solution, joint loads, and
first order activation dynamics, can we even further bound
the possible solutions?

YES!
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Results

Methods

Methods

Results

Methods

1st-order activation dynamics
from Thelen:

0—a

Aa(a,0) =
( ) Tdeact
1—a

A 1) =
3(37 ) Tact

Lower Bound: a), = a + AtAa(a,0)

Upper Bound: a,, = a + AtAa(a, 1)
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0 1 0 ... 0 0]
Results 0 0 1 0 0
0 0 0 1 0
o 0.0 o0 0 1
Hyounds = 1 =1 0 0 0
:\:}v\,r\s ]_ 0 - ]. O 0
l:ethods 1 0 0 _1 0
1 0 0 0 1]
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Results

Hatna =

1st-order activations
modification to Hy,ounds

—al, 1 0 0]
—-ap 0 0 1
at, -1 0 0
ay, 0 -1 0

lag, 0 0 ... -1

now Hpounds is state-dependent
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mf
B Hyo = —Ttask + 2= Fi Rmxc + Text + € > F,?f:lexcam
. task — mf
- Mask — > Fi™ Rmxe — Text + € > —Fr?;,n,,llexcam

Methods

_ Htask
Hras = [HAtAa

Methods

now Hpags is state-dependent

Methods

Results
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Methods

Methods

Results

Methods

Results

we can also do joint constraints!
step one: Hpag formation

T iask + D FE ™ Rmxe + Text + € 3 FE™ Ryycan ]

Hiask =
[ Mtask — 30 Fi ™ Rascc — Text +€ + 3 —F2™Ryycam

H.er = -2 FJ - Fmpmf1—>b o Fethﬁb 2 Fmamfl_’b
jC Z F_] — Fm — Fethgyb Z Fmamfl_”,

pmfy_,p

Htask
Hras = | Hier
HA tAa
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step two: find an'interior point
of Hras

calculating Vrag is extremely computationally costly

-10*2

-
T

o
@
T

o
IS

number of vertices
o
=

o
o

o

lb Zb 3‘0 40
numer of muscles
how do | get inside Hpag without computing Vpas?
iterative method

conic optimization
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iterating to the center

vertex center is like the center of geometry (avg. vertices

inV)
analytical center a,. is like the center of mass

newton's method approach for finding the a,.:
oot = (ATST2A)1ATY
1
s.t. S =diag(—
(y)
Yi = bj — Ajaj
(ATS=2A)7Lis an inverse hessian D = J(V)
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Aravind another way to find a,,
Sundararajan . .. .
take the log barrier of HEag and maximize it.

Methods
Results

Methods

Results

Methods

Results

Methods

Results

this is a conic optimization in the domain of the exponential
Methods cone:

max Y log (b; — AT a)
s.t. Aa<b
0<ax<l1



Feasible Sets

Analysis of B
Misculoseletal step three: walk to a new point
Aravind |n FAS
Sundararajan
many interior point options!

Results

Methods

previously in the literature for statics: Hit-and-Run (HAR)

Methods

Results

Methods

- unexplored for computed control: Dikin Walk (DW)
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Musculoseletal Hit-and-Run procedure
Aravind'
Sundararaian step one: pick a random unitary direction inside Hpag from

a Gaussian distribution
step two: draw a line through the current point along the
unitary direction

step three: pick any interior point along the line from a
e uniform distribution

step four: repeat steps one to three with the new interior

point

Methods
Result
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HAR has several.complications

HAR is great for statics, but it tends to get trapped locally

in thin feasible spaces like Hpas
HAR approaches the uniform distribution in at most

O(d?~y2) where d is rows of Hrag
v, is the matrix condition number

AN

'S
W

L 4

Could use scaling/damping methods, but why not use a
better algorithm?
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Methods
Result

Dikin Walk is a better
alternative to HAR

DW approaches the sampling
distribution in O(nd)

A
o=~
4 A
1 1
A ’
~ .
TS h
4 AY
1 1
AY 7
& A (Y
< - - -~ 4
.
4 I‘
U ’
A .
-~
L 2

Hessian of the log barrier defines
an ellipsoid inside Hras

step one: calculate the hessian
of the log barrier D, = V.F,
step two: select a new
activation from

{ue R¥(u—a)"D,(u—a) < R}
select u from the multivariate
Gaussian g(z) centered at a with
user—selected2 radius r and
covariance =D

p
Z=a-+ T(Da)_%g,a =Z
n
where g is a vector sampled from
the standard Gaussian
step three: repeat steps one
and two
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Results

Methods
Results

Methods
Results

Methods

1st-order activation dynamics
heavily skews toward high

The Skew Normal Distribution:

f(a) = 2¢(a)®(aa)

_JAJ__

ajp ar—1 dub

al, — ar~1.and a;_1 — agp is
not symmetrical

activation

Where ®(a) is the cumulative
distribution function:

o(a) = 51 +erf(22))

V2

and ¢(a) is the probability
density function:

9(a) = e %
a) = e 2
V2
erf( ) is also known as the

Gaussjan error function

| developed a modified DW with multivariate skew normal

to account for this
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method of moments
maximum likelihood estimate of
the shape parameter

strategy: estimate the quartiles
and use Bowley's Skewness
Estimate as input to an MLE

Method of Moments:

function ‘6| _ z h/|3
= —
Qs Q- 2Q, 2 yl5 + (%37)3
@ - and finally:
Q]_ — atfl A -67A£Tdeacr 6
Q2 = ar1 A= ————
/ 2
Q3 =21+ .67A2t7'act 1-9§

now let’s apply Sunny's Walk to the computed controls
problem!
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hamstrings_r bifemsh_r
10 ™y o 10
Results 05 [ “!* AN | : 05
VARG N
oo F ;‘\\:\\\’}‘V@Ms}\k\ 2 0.0
Methods
Results 10
05
Methods
Results -
10
Methods 05
Results
0.0
Methods 0
Results
0.5
0.0
0% 100%
1.0
) - CMC
. = FAST
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Methods

Results

Methods

Results

Methods

Results

Methods

Results

Methods

Results

muscle activation

FAST analysis: increasing the
model complexity

glut_med1_r glut_med2_r glut_med3_r bifemih_r bifemsh_r
2dd_mag2_r Pect_r grac_r
‘ R\ M‘
glut_max2_r glut_max3_r iliacus_r
quad_fem_r gem_r peri_r rect_fem_r vas_int_r
med_gas_r Soleus_r tib_post_r tib_ant_r 0% T00%
| = CMC
0% 100% 0% 100% 0% 100% 0% 100%

percent of gait (%)



v

for the mode
FAST was up

<O> B> <> <>

DA 64/66
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Conclusion

concluding remarks

@ this dissertation was an expansion and synthesis of tools
that can be used to investigate the boundaries of
control over_the course of a dynamic task

® these methods are generalized to work for most models
and tasks

© | developed a comprehensive software platform for
performing feasible sets analysis

@ these tools are an umbrella for other analyses (muscle
synergies, task prioritization, minimization)

@ these tools can be used by researchers interested in
neural nets and machine learning with computed
control
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