Thursday April 17th, 2008

BioE/ME 485


Notes on Computed Muscle Control (Residual Reduction):
What are CMC and RRA?
Both computed muscle control (CMC) and the residual reduction algorithm (RRA) are feedback-control based methods of estimating actuator controls such that actuator forces generate motion that tracks a desired trajectory (i.e. from experiment). Their similarity results in the algorithms sharing the same implementation (cmc.exe in OpenSim). They differ from standard feedback control methods in that the controls (forces) are solved via static optimization which enables redundant actuation and some deviation from “desired” kinematics. CMC also accounts for the delay in the generation of forces.
In RRA, static optimization is exploited to allow small deviations in kinematics (joint angles) that effect accelerations and further reduce the magnitude of residuals from inverse dynamics. In a separate step the total model mass of the model and location of the COM of a targeted segment (typically the most massive, e.g. torso) are adjusted to eliminate offsets in residual forces and moments.
Some theoretical background:
1. Cast the inverse dynamics problem (joint torques from kinematics and external forces) as a tracking problem:
a.  Unlike IVD, tracking requires a dynamical system
· 
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, Joint angles and velocities determined by integrating accelerations 
b. The inverse system: f is computed based on accelerations, but 

· accelerations are difficult to measure but positions are easy
· Double differentiation provides acceleration but also amplifies noise

· Continuity in time no

· What if we use feedback to get better estimates of accelerations?
2. Feedback control:

1. (1)
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  estimate acceleration using feedback
(2)


[image: image3.wmf])

,

(

~

q

q

D

q

f

&

&

&

-

=

M



    compute controls (gen. forces, f)
(3)
integrate 
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When actuator forces are torques, 
[image: image5.wmf]t
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, this is the method of computed torques.
2. For CMC, the production of torque is not instantaneous. The required torque at a given instant must be generated (in the case of muscles) over some prior time. To account for this, CMC changes the feedback law slightly, such that:
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where the desired acceleration at small time in the future (T) is based on the experimental acceleration at the future time and the current position and velocity errors. 

3. In the general case, “controls” (gen. forces, f)  are computed from static optimization:

Min: 
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Subject to: 
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RRA:
Compute torques and residuals ((,R) that track the desired kinematics.


[image: image9.wmf]x

F

x

f

R

opt

=

Î

)

(

,

t


Min: 
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subject to: 
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Enables us to vary tracking behavior between minimizing the residuals and tracking the kinematics and is solved as a bounded (limits on torques) nonlinear optimization. Since torques have no dynamics, T, can be small (e.g. T = 0.001s)
CMC:
Controls (x) are now excitations and torque production now has muscle dynamics:
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Joint torques, (, are now replaced by the product of a muscle moment arm matrix, 
[image: image13.wmf]A

, and muscle forces, 
[image: image14.wmf]m

f

, which is a function of muscle activation, a, which in turn is a function of excitation, x, the controls.   (NOTE: “reserve” torques (actuators), r, remain in case muscle forces alone are unable to achieve the necessary accelerations. 
Min: 
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Subject to: 
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 (constraint yields “fast target”, for optimization)
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Algorithm:

1. Set states: 
[image: image19.wmf]}
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at current time, t
2. Estimate future acceleration: 
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   T = 0.01s  provides sufficient time for a muscle to reach a target force.
3. Integrate muscle dynamics only with (
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q

ˆ

,

ˆ

&

) from t to t + T, with 
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4. Solve static optimization to get the desired muscle forces, 
[image: image24.wmf]m
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5. Root solve for x from desired muscle forces, given:  
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6. Integrate muscle and skeletal (multibody) dynamics for states at t + T and loop.
Adjusting Mass Distribution:

1. residual force offsets can be reduced by adjusting total body mass

2. residual moment offsets can be reduced by adjusting moment due to gravity by moving COM location

Performing RRA in OpenSim: Key Elements
1. Actuators: specify the actuators (torques, for CMC they are muscles)

a. Forces and moments acting on the pelvis from ground are residual actuators

b. Internal joints are actuated by torques

c. Optimal forces are the maximum output of ideal actuators (torques, linear forces).

1. Torque (force) applied is optimal_force x control_value

2. ControlConstraints: specify the bounds on the controls
a. Joint torques (and muscles) have a maximum magnitude of 1.

b. Residuals have bounds exceeding their anticipated force requirement.

1. Weightings are implicit in this description. A high optimal_force means that large output force (torque) does not require a large control value (i.e. low cost).  Conversely, residuals with low optimal force require high control values that incur higher costs. 
3. Tasks: specify kp, kv, and 
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for each kinematic coordinate being tracked.

a. Selection of kp and kv are not arbitrary. They define the behavior of the error dynamics for each q as a second order linear system. We can write the kp and kv for the desired system behavior in terms of system poles, (.  For a (stable) critically damped system (real negative poles) kp = (2 and kv = -2(.
b. 
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enables kinematics of joints (coordinates) for which we have high confidence (e.g. knee flexion, hip flexion) to be weighted more heavily compared to those of less confidence (e.g. hip internal rotation and ankle inversion). 
4. RRA Setup File:

a. Model (lock subtalar and mtp joints, why?)
b. Actuators (NOTE: residual at pelvis should be applied at scaled location of COM)
c. Tasks (how strongly/loosely to track individual joint kinematics)
d. Adjust COM flags
e. Desired Kinematics

f. Control Constraints (bounds on the
g. External loads

· Specify bodies that external loads are applied to. 

5. Run RRA/CMC with slow walking IK and GRF data, and previously scaled model. 
6. Trouble-shooting:

a. 4 important things to do in any case

1. Check the pelvis COM location in Actuator files

2. “Lock” the subtalar and mtp joints in *.osim file

3. Make sure “use_fast_optimization_target” is

· false (unchecked) for RRA

· true (checked) for CMC

4. Make sure “cmc_time_window” is

· <cmc_time_window> = T
· 0.001 s for RRA

· ~0.01 s for CMC

b. Are the residual actuators (FX, FY, FZ, MX, MY, MZ) saturating? 

1. Try increasing their min/max ranges in the ControlConstraints file.

2. Check that the GRF are being applied.

c. Is a dof tracking poorly?

· Consider increasing its weight in the Task file

d. Does an actuator seem too weak?

· Consider increasing its optimal force in the Actuator file (torque actuators) or *.osim file (muscle actuators), but provide good justification for this. How does the optimal force influence the objective function?

e. Post your question on the ME/BIOE 485 discussion forum. The teaching staff is notified when questions are posted.

Assignment:

1. Run RRA and CMC on your assigned task, using the output from IK
2. Deliverables to repository

a. Model (*.osim file)

b. For RRA and CMC

i. Setup file (“Save settings”)

ii. Actuator file

iii. Control constraints file

iv. Task file
c. Report
3. Report details:

a. Comments on validation of final simulation

i. How did you evaluate the final simulation (kinematics, muscle excitations)? 

ii. Present evidence that your simulation is accurate.

· Compare muscle excitations to at least one example from literature for a couple of major muscles.

b. Comments on RRA

i. Plot the residual forces and moments. Do you think they are reasonable? 

ii. Did you make changes to the default values in the Task, ControlConstraints, or Actuator xml files? Why or why not?

c. Comments on CMC
i. Did you choose to use the model with the adjusted torso mass parameters? Why or why not?

ii. Plot the excitation and activation vs. time for gastrocnemius. Why are they different? Now add gastrocnemius force to the plot. Which curve (excitation or activation) does it look most like? Comment on how this observation could influence design of a control algorithm.

iii. Plot the reserve actuator torques for the sagittal hip, knee, and ankle actuators. When are they largest? Why do you think this happens? 

iv. Did you make changes to the default values in the Task, ControlConstraints, or Actuator xml files? Why or why not?
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