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Abstract

Real-Time Safe Control for Model-Based and Data-Driven Robotics

Giorgos Mamakoukas



Robot dynamics are typically highly nonlinear and their control is a challenging research
topic without a single overarching algorithm that demonstrates best performance. In this
thesis, I derive a nonlinear control algorithm that uses an analytical, closed-form solution
to compute feedback with controllability-based guarantees for convergence. The proposed
algorithm, based on needle variations, is computationally more efficient than alternative
top performing methods, while also a priori guaranteeing convergence for dynamics that
are controllable with first-order Lie brackets. The performance of the proposed algorithm
is demonstrated on various systems and tasks, including a differential drive robot avoiding
moving obstacles while converging to the target and a 3D underactuated robotic fish model
tracking a target in the presence of fluid drift. The results highlight the ability of the
feedback scheme to reject disturbances and run in real time, rendering it an attractive
candidate nonlinear controller.

As a second contribution, this thesis improves system identification methods via
Koopman Operators. First, it introduces a generalizable methodology for data-driven
identification of nonlinear dynamics using Koopman models that bound the model error
in terms of the prediction horizon and the magnitude of the derivatives of the system
states. The approach relies on synthesizing Koopman basis functions using the derivatives
of general nonlinear dynamics that need not be known and can be computed numerically
in real time. The error bounds are verified in different scenarios, including data-driven
models learned from unknown dynamics of a pendulum with highly noisy measurements.
The efficacy of the data-driven modeling approach is also validated with simulation and
experimental results on the control of a tail-actuated robotic fish and is shown to outperform

a well-tuned model-free PID (Proportional Integral Derivative) controller. When updated



online, the data-driven model leads to significantly improved control performance in the
presence of unmodeled fluid disturbance.

Second, to improve learning of unknown dynamics with little data, this thesis leverages
side information (i.e., general knowledge we have about the properties of a system,
besides training data) and presents a new algorithm that imposes stability on the learned
representation. The proposed algorithm, which is provably more memory efficient than
top competing methods and achieves orders of magnitude lower modeling error, makes the
learned model robust to the amount of training data and improves both prediction accuracy
and control performance. The benefits of stability-constrained data-driven models are
demonstrated in simulation and experiment, including the tasks of stabilizing a quadrotor
in free-fall and learning the dynamics of a pusher-slider system. Conditions under which
the learned dynamics of a controlled system can lead to an online certificate for stabilizing

controllers, via control Lyapunov function analysis, are also discussed.
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dynamics (absence of drift effects) in both cases—that is, the controller
does not know there is fluid drift on the second run. Dotted lines show
the x-coordinates and solid ones the y- ones. The reference signal is
marked with gray, the neutral-environment test with blue and the

underwater one with red. 52

SAC and the projection-based trajectory optimization scheme are
tested on reaching a nearby target at (x,y) = (5 m, 5 m), starting
from sp = [0,0,0,0,0] and using the dynamic car dynamics in the
presence of a -1.0 m/s # drift. As shown in the left figure, SAC satisfies
saturation limits and exhibits better station keeping performance by
remaining closer to the target (zoomed image). SAC outperforms
Trajectory Optimization also in terms of the control efforts, which
are measured by integrating control actions over application time:
ttof u(t)dt. Throughout the ten seconds of simulation, SAC uses
26.71 m/s?- s and Trajectory Optimization uses 41.35 m/s?- s. After
the first two seconds, the integrated errors are 26.3 cm and 65.6 cm
and the controls used are 3.63 m/s?- s and 4.41 m/s?- s for SAC and
Trajectory Optimization, respectively. Control saturations used in SAC

keep controls below 10 m/s?, better resembling experimental actuation

constraints. 54

A map of target locations posed to the dynamic robot-fish system in
the presence of +0.1 m/s § drift. Two hundred targets are randomly

generated from a sample space of (x, y) = (1 m, 1 m) using Monte
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Carlo sampling. Success is defined by whether the robot-fish, always
starting from an initial state of so = [0,0,0,0,0,0]”, is at the end of
the simulation (10 seconds) within 2 cm of the target, equal to half the
longest dimension of the electric fish [1]. The only concern of the task
is to approach the nearby targets and so zero weight is applied on the

orientation # of the system.

SAC is applied on the dynamic fish-robot model to track the desired
trajectory at a control sequencing frequency of 20 Hz. The performance
of the controller is tested against no drift and drift of +0.1 m/s §.
The computed trajectories are plotted against the reference signal.
Although the time horizon used for the simulations is extremely short
(T =1 s), the performance of SAC remains largely unaffected by the

presence of flow.

A contour plot on the effect of fluid drift intensity on trajectory

- tracking performance for the dynamic system. The maps plot
performance error as a function of fluid drift intensity (in both the
x- and y- direction) and are generated from interpolating data for
drift € (-0.15, 0.15) m/s sampled in steps of 0.05 m/s. Performance
error is calculated as the integrated distance (in m) away from the
desired trajectory throughout the simulation period (20 seconds). The
majority of the error occurs in the first five seconds, until the controller

catches up with the target. The right figure shows the error between
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5-20 seconds. The desired trajectory is provided in 3.4 and has a total

arc length of 1.52 m over the simulation period. 59

Cases of control scaling that remain valid descent directions for the
proposed needle-variation controller. The left figure shows control
clipping, where values are saturated at a specific threshold; the
middle figure shows arbitrary stretching to the saturation limits;
the right figure shows proportional scaling that maintains the same
direction of the applied control. Control curves are a function of time
and arbitrarily shown for a 2-input system for easier visualization.

Simulation results in this chapter use control clipping. 69

Visual relationship between the control solutions of SAC, iSAC, and

Gradient Descent. 75

Performance of a single-action needle variation controllers and NVC on
the inversion task of a cart pendulum. NVC successfully inverts the
pendulum with saturation limits of 5 N, while single-action controls
are reported to require at least 15 N for the four-state system [2].
Given the time, NVC can invert the pendulum with as low as 1N
saturation limits. Note that the NVC solution appears similar to a

low-pass filtered single-action solution. 7

Fig. 4.4a compares NVC, single-action feedback, and two
implementations of iLQG—one limited to one forward and backward

pass per iteration and one with unlimited passes per iteration. The
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latter provides the optimizer, while the former can be thought of as
providing a good enough solution. Fig. 4.4b shows a Monte Carlo

simulation over the initial angle . NVC successfully leads to inversion
in 50 out of 50 trials with convergence times ranging from 4.7 to 10.1
seconds. For the same set of parameters and range of initial conditions,

single-action policies do not converge for any of the trials [3]. 78

Comparison of NVC and iLQG performance over a range of cost
function formulations. Terminal cost at the end of a 15-second
simulation was interpolated over the range of Q sampled. For all
simulations () was defined as a diagonal matrix with weights = 0 for
all states except 6 and x., for which weights are shown on the x- and
y-axis, respectively. Note the robustness of NVC for a range of task

definitions. 79

Forward locomotion of a planar biped using a continuous-action needle
variation controller. Note that the NVC-controlled biped is able to
perform gait initialization and establish a quasi-periodic gait pattern.
Fig. 4.6a shows the walking pattern of the biped. Fig. 4.6b shows
phase plots of the legs and torso angles; the upper plots correspond to
the gait initiation (first five seconds); the lower plots correspond to the
simulation from ¢t = 10 s until the end of the five-minute walk. The
imperfect gait cycle can allude to a certain level of robustness with

respect to deviations from a nominal gait phase. 82
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Gait recovery from disturbances on the torso angular velocity. The
figure shows the phase plane related with the torso angle given
disturbances of —0.15 rad/s applied every 8 seconds over a 30-second
simulation. The introduced disturbance discontinuities are marked
with a solid black line. The trajectory in-between disturbances changes
linearly with time from red to green color. As a result, the green
trajectory is the converging gait cycle and the red indicates deviations

present immediately after the disturbances. 83

Gait recovery from external forces applied on the torso for 0.02 s at
various times of a full gait cycle. The shaded regions indicate the

maximum magnitude of positive (blue) and negative (orange) forces
tolerated by the biped without losing balance. The legend bar in the

figure indicates the magnitude scale of the forces. 83

The steps of the controller outlined by Algorithm I. Using the default
control, the states and co-states are forward-simulated for the time
horizon [t,,t, + T]. The optimal control response is computed
from (5.6), and saturated appropriately. At the end, the algorithm
determines the finite duration of the inserted single action, evaluated

at an application time 7, with a line search. 97

Differential drive using first-, second-order needle variation actions,

iLQG, and DDP, from top to bottom. Snapshots of the system are
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shown at ¢t = 0,2.5,5,7.5,10, and 12.5 sec. The target state is

(4, ya, 04) = [1000 mm, 1000 mm, 0]. 101

Fig. 5.3a plots the running state cost; Fig. 5.3b plots the integrated
(cumulative) cost, including the control cost. DDP and iLQG obtain
the same cumulative cost, with slightly different trajectories (see Fig.
5.2). Second-order needle variation actions demonstrate improved

convergence to the target over DDP and iLQG, despite optimizing over

one single action at each iteration. 101

Convergence success rates of first- (5.7) and second-order (5.6) needle
variation controls for the kinematic differential drive model. Simulation

runs: 1000. 104

Convergence success rates of first- and second-order needle
variation controls—(5.7) and (5.6), respectively—and iLQG for the

underactuated dynamic vehicle model. Simulation runs: 280 108

Snapshots of a parallel displacement maneuver using an underactuated
dynamic vehicle model with second-order controls given by (5.6);
first-order solutions (5.7) are singular throughout the simulation.

Animation of these results is available in Extension 3. 108

Tracking performance of the same system in the presence of +10 cm/s
¢ fluid drift. The yellow system corresponds to first-order needle
variation actions; the red one to second order. The target trajectory

(red ball) is indicated with white traces over a 10-second simulation.
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Fig. 5.7b shows the error distance as a function of time, clearly
demonstrating the advantage of the second-order approach. Animation

of these results is available in Extension 4. 109

Differential drive using second-order needle variation actions in the
presence of obstacles. Fig. 6.1b shows the deviation from the nominal
trajectory that is the solution to the no-obstacle task. The system
performs two maneuvers to avoid each obstacle. These are evident in

the angle deviation (compare to Fig. 5.2c). 117

Trajectories of the differential drive in the presence of obstacles.
Fig. 6.2d compares the solution to the trajectories generated when
considering only a) obstacle 1, and b) obstacles 1 and 2, both of which

collide with the obstacles. Simulations run in real time in MATLAB. 118

Cost reduction AJ, modeled after (5.4), for sampled z and y in the
presence of obstacles, given second-order needle variation controls. The
first- and second-order mode insertion gradients are evaluated with the
controls from (5.6). Figures 6.3a and 6.3b are identical, but shown
over a different range to illustrate that even when looking at small
variations of the first-order mode insertion gradient, the second-order
method is reliably negative. The bright vertical line in Fig. 6.3b is
vertically aligned with the target located at [400 mm, 1000 mm]|, where
first-order solutions are singular. No data are sampled inside the white

circles, as these indicate the infeasible occupied region. 119
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Performance of second-order needle variation actions in the presence of
static obstacles. The controller is able to converge to the target for all
500 trials and avoid collisions. Fig. 6.4a is an interpolated heat map
that indicates the time to convergence as a function of initial position;
Fig. 6.4b shows the trajectories followed by the center of mass of the
agent. The gray area indicates the collision space, taking into account
the width of the differential drive. (the simulation runs in real time in

MATLAB). For visualization, watch Extension 1. 120

Performance of second-order needle variation actions in the presence
of three moving obstacles. The left figure shows a snapshot of the
simulation; the right figure plots the distance of the agent from each
object and the target, where the gray area indicates the threshold
minimum distance to avoid collision with the obstacles. The controller
converges to the target in a collision-free manner (the simulation runs

in real time in MATLAB). For visualization, watch Extension 2. 121

Local and global errors induced by approximate Koopman operators.
The local error is the error induced by the operator across one step,
assuming no error in the initial conditions. The global error is the total

deviation away from the true states across multiple steps. 134

The deviation of the data-driven Koopman operator from the
Taylor-based matrix (8.6) for the single pendulum system, where

the derivative basis functions are constructed analytically from the



8.3

known dynamics. Fig. 8.2b shows that the non-zero coefficients (upper
triangle) of the linear Taylor expansion are accurately recovered from
the data-driven operator. The zero coefficients (lower triangle) are
replaced by small values that help minimize the least-squares error

for the part of the state space used in the training set. The deviation

differs by orders of magnitude across the basis functions, as seen in Fig.

8.2c. As expected, the deviation is smallest for 0, as it is the one with

the highest number of derivatives used in the basis functions.

Simulated error bound estimates and actual error bounds for the single
pendulum system as a function of the prediction horizon and for
increasing orders of derivatives used as Koopman basis functions. The
derivative basis functions are constructed analytically from the known
dynamics. Both error bound estimates are calculated using (8.8), but
differ in how they compute | fr(r%}l) |. Data Est. is the model-free
error bound estimate and uses the data-driven Koopman operator
and (8.15) to compute | fézfg}l)h Model Est. is the model-based error
bound estimate and uses the analytical dynamics equations to compute
| féﬁ;l)h Max error is the measured largest deviation as a function of
time between the actual value of the state and the one predicted by
the data-driven Koopman operator across all trajectories that evolve
from randomly sampled initial conditions. Results are shown for

three different orders of derivatives of 6. Note that state 6 has always

one more derivative than w. The data-driven bound estimates and

22
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actual errors can be generated for different parameter choices using a
Jupyter notebook at https://colab.research.google.com/drive/

1EPX1XVUHr9gix-pZD_3Ydw7Npzz9n3Jj. 148

Simulated error bound estimates and actual maximum errors induced
by the data-driven Koopman operators for the single pendulum system
when dynamics are unknown and measurements are noisy. The
derivative basis functions are calculated numerically from the state

measurements—no analytical model is used. 150

Control of a pendulum system based on data-driven models obtained
using SINDy, NARX, a linear model based only on the system states,
and a derivative-based Koopman model whose observables contain
the state 6 and its first- and second-order derivatives. The derivative
basis functions are numerically estimated from state measurements
both for training the Koopman model and online to implement
control—no analytical model is used. All models are used to design
MPC control and, in addition, I use the Koopman model for LQR
feedback (Koopman-LQR). Koopman with MPC has the lowest cost
(19.71) for the 10 s simulation, while NARX, SINDy and the linear
model result in errors that are 12.43%, 18.32%, and 30.61% higher,
respectively. Koopman-LQR leads to the second best performance

(0.97% higher error in comparison to Koopman-MPC). 150

Error bound estimates based on derivative-based Koopman models of

the robotic fish dynamics (8.21) for increasing order of derivatives used
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in the basis functions. The derivative basis functions are constructed
analytically from the known dynamics. Each additional order of
derivatives improves the error bound estimates over the selected
prediction horizon. The error bound estimates are computed using

(8.8) where | fr(,?a;% is calculated from the training data. 153

LQR-controlled robotic fish in simulation. The LQR gains are
generated once using the learned Koopman operator. The derivative
basis functions are constructed analytically from the known dynamics.
The desired trajectory is given in terms of the angle and the forward
velocity. Since the position coordinates are not included in the
performance objective (7.10), the controlled trajectories are individually
shifted to align with the desired figure-8 shape as closely as possible.
Despite using fixed LQR gains, the controlled systems successfully track
the desired states that were designed to produce a figure-8 pattern.
Koopman-LQR has the lower cost (3.35) for the 120 s duration, while
the approach based on the data-driven linear model with the same set

of states as in (8.21) results in an error that is 95% higher. 158

Tail-actuated robotic fish used in experiments, developed by the Smart
Microsystems Lab at Michigan State University. It maneuvers in water

by oscillating its tail fin. 159

Fitness between Koopman model and experimental measurements. The
green line shows data interpolated from experimental measurements

(blue dots) every At = 0.005s. The red line shows the evolution of the
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states using the Koopman model. The actuation is constant for each of

the two runs and is indicated in the caption. 160

Outline of the proposed methodology for LQR control using

derivative-based Koopman operators. 163

Experimental setup for creating fluid disturbances. The motor is

halfway submerged in water, generating ripples with its propellers. 164

Experimental results: Average error scores for velocity and angle
tracking for PID and two variants of Koopman-LQR, trained offline
and updated online, with and without fluid flow indicated respectively
with the waves and no-fan icons. The four subplots compare the
performance for the linear and circular trajectories for each state
separately. The error bars indicate the standard error. The proposed
Koopman operator scheme outperforms PID in all tests. Further,
updating Koopman-LQR online improves the performance in the
presence of the unmodeled fluid flow. A video of experimental runs is

shown at https://youtu.be/9_wx0tdDta0. 165

Memory requirements as a function of dimensions r, where ¢; = 8/22%.
CG and WLS scale proportionately to r*, whereas SOC scales
proportionately to 2. For r = 150, SOC uses about 5.04 MB, whereas

CG and WLS about 3.78 GB. Due to memory limits, WLS and CG

failed to run at higher dimensions. 175


https://youtu.be/9_wx0tdDta0

9.2

9.3

9.4

9.5

9.6

26

Learning performance of CG, WLS, and SOC for varying subspace
dimensions performed on three datasets: UCLA, UCSD, and DynTex.
In all cases, SOC has the highest best error frequency, has lower
average error and, in terms of execution time, scales better than the

other methods. 177

Synthesized sequences generated by LS, SOC, CG, and WLS for

r = 40. 179

From left to right: simulation environment, physical robot, and

experimental training data. 180

Control performance in simulation using experimental measurements
from the Franka Emika Panda robotic arm. The left figure shows the
reconstruction error of the learned models for a varying number of
measurements sampled randomly from the training set; the middle
figure shows the performance of the controllers after training with
100 measurements sampled randomly (2 seconds worth of data); the
right figure shows the control performance of SOC after manually

introducing disturbances to the position of the end effector. 182

Experimental tracking of a figure-8 pattern using the Franka Emika
Panda robotic manipulator. The left figure shows, from top to bottom,
snapshots of the control maneuver; the rest figures show the trajectories
of three trials. The three trials are almost identical, showing the

robustness of the method. The applied control is computed with an
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LQR policy using the stable LDS system obtained from the SOC

algorithm. The training data are obtained using 600 measurements. 182

Local and global errors (in time) induced by approximate Koopman
operators. The local error considers the accuracy of the model across a
single time step; the global error considers the accuracy of the model
across all time steps and is a more representative metric of long-term

accuracy, assuming states are not updated in every time step. 186

Comparison of the SOC (Algorithm I) and CG [4] algorithms as a

function of the total number of random measurements used for training
and the total number of basis functions. The error is normalized by the
product of the number of measurements and functions. In 10.2¢, the
difference is calculated as the percent difference of the error between

the two algorithms and is calculated as %. 206

Figure 10.3a shows the eigenvalues of the unconstrained (7.4) and

constrained (10.17) Koopman operator for the nonlinear dynamics of a
pendulum. The constrained operator pushes the unstable eigenvalues
to the stability boundary. The stable eigenvalues are also appropriately
modified so that constrained Koopman solution locally minimizes the
prediction error (10.17). Figure 10.3b shows the prediction of the angle
of the pendulum system using the unconstrained Koopman solution

(7.4) and the constrained-stable Koopman operator. The predictions of
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the unconstrained Koopman operator start to diverge away from the

pendulum states after 1 second. 209

Average angle error, with one-half standard deviation shading, for the
undamped (Fig. 10.4a) and damped (Fig. 10.4b) pendulum dynamics,
as predicted by the unconstrained and the constrained-stable Koopman
operator solutions. For each number of measurements used to compute
a Koopman operator, the average angle error is the average absolute
difference of the true system state (evolved using the nonlinear
dynamics) and the system state as predicted by either Koopman

operator over 1 second over 300 initial conditions. 210

Candidate control-Lyapunov function constructed from stable
Koopman operators and evaluated on a LQR-controlled pendulum.
The candidate control-Lyapunov function is used to verify the stability

of the controlled trajectory. 211

Performance of LQR control derived from the stable (10.17) and
unstable (7.4) Koopman operators for the quadrotor dynamics. Both
models use the same training measurements that are collected with
active learning. At the end of the learning phase, the stable Koopman
is computed and the LQR gains from both models are derived.
Figures 10.6a and 10.6b show the log error of the tracking cost for 10
trajectories with the same uniformly sampled initial conditions. The
solid line represents the median score of each approach and the shaded

envelope the lowest and highest cost. Figure 10.6c shows a trajectory
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using the 40 time-step horizon control. The initial conditions are the

same, but shifted in the x-axis for better visibility. 214

Experimental setup of the pusher-slider system. The states of the
pusher and the slider are recorded with an overhead camera. The block

configuration is identified using QR labels. 216

Simulation of the pusher-slider system over 500 time steps (dt = 0.1)
with zero control inputs. The least-squares Koopman model is unstable
and drifts away, despite the fact that there should be no motion in the

absence of control. 216

Comparison of the experimental trajectories from the training data
to those obtained in simulation using DISKO. Instances are shown
every 2 seconds. The simulated trajectories are initiated with the
starting states of the experiments and forward-propagated with the
same control inputs that were applied in each run. The position of the
pusher is indicated with red and the center of the slider with purple.
In the predictions, the location of the pusher is known only as py, the
distance away from the center of the block along its pushing side; the
pusher is always assumed to be in contact with the block. To highlight
this difference, I do not plot a trajectory of the pusher, but show its

location only at the instants the block is drawn. 217

Control of the pusher-slider system using DISKO. Infinite-horizon LQR
control is used to push the block to the desired orientation, marked

with yellow border. The pusher and the center of the block are marked
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with red and purple dots, respectively. Each row corresponds to one
experimental run and shows the trajectory, the tracking errors, and
the constructed candidate control-Lyapunov function that verifies
that the controlled system converges to the target. The candidate
control-Lyapunov function is V(¥ (s)) = ¥(s)T P¥(s), where P is the
solution to the Lyapunov equation (10.14) using the stable Koopman

operator. 218



31

CHAPTER 1

Introduction

Dynamics of robotic systems are often unknown, high-dimensional, and highly nonlinear,
making real-time control challenging [5]. Further, systems are underactuated either
by design—in order to reduce actuator weight, expenses, or energy consumption—or
as a result of technical failures. Such challenges can destabilize optimization schemes
that either do not run in real time or rely heavily on knowing the exact model and
environmental parameters. As a result, to be successful, feedback policies need to exploit
the nonlinearities of the dynamics, be general enough for a broad class of systems, and be
able to learn or adapt online to unmodeled changes [6], as well as balance model accuracy
and computational efficiency. In this thesis, I present real-time algorithms that improve
both system identification and control of robotic systems.

To control systems with known dynamics, one can draw from many schemes, including
linear quadratic regulator (LQR) [7], linear model predictive control (LMPC) [8], nonlinear
model predictive control (NMPC) [9], feedback linearization [10], differential dynamic
programming (DDP) [11], and variants of the above [12,13]. Additional nonlinear control
techniques include steering methods using sinusoid controls [14], sequential actions of
Lie bracket sequences [15], backstepping [16,17], perturbation methods [18], sliding
mode control (SMC) [19-21], intelligent control [22,23], and hybrid control [24]. The
aforementioned methods have limitations. LQR and LMPC remain accurate only near the

localization points; NMPC and DP are typically computationally expensive; backstepping
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is generally ineffective in the presence of control limits; perturbation methods assume a
future of control decisions that do not take the disturbance history into account; SMC
methods suffer from chattering, which results in high energy consumption and instability
risks by virtue of exciting unmodeled high-frequency dynamics [25], intelligent control
methods are subject to data uncertainties [26], while other methods (e.g. feedback
linearization, steering methods) are often case-specific and will not hold for the level of
generality encountered in robotics.

Underactuated systems that are subject to nonintegrable differential constraints, termed
nonholonomic constraints, are particularly challenging in robotics [27]. Examples include
wheeled agents that are not allowed to skid (e.g., unicycle, differential drive, tricycle).
These systems are studied in terms of their controllability, which reveals all possible effects
that combined control inputs can have. As a result, controllability analytically answers
the existence of control solutions that can move a robot between arbitrary states in finite
time and is particularly useful for underactuated systems that are subject to velocity, but
not displacement, constraints.

A popular approach in controlling nonholonomic systems is piecewise constant motion
planning [28,29]. Lafferriere and Sussmann [29, 30] extend the original dynamics with
fictitious action variables in the direction of the nested Lie brackets to determine a control
for the extended system. They first compute the time the system must flow along each
vector field, in a sequential manner, to accomplish a given motion of the extended system.
Then, using the Campbell-Baker-Hausdorff-Dynkin (CBHD) formula [31-33], they recover
the solution in terms of the original inputs of the system. On the other hand, piecewise

constant motion planning is model-specific, since the process changes for different number
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of inputs. In addition, solutions involve a sequence of individual actions that generate
the Lie bracket motion and the actuation sequence grows increasingly larger for higher
order brackets. Compensating for the third-order error in the CBHD formula involves two
second-order Lie brackets and twenty successive individual inputs, each of infinitesimal
duration [34]. The sequence is described in detail by [29]. In practice, such actuation
becomes challenging as the number of switches grows. The theoretically infinitesimal
duration of each input may be hard to reproduce in hardware, while, in the face of
uncertainty and time-evolving trajectories, actuation consisting of a large sequence of
controls (e.g., of twenty actions) is likely to change once feedback is received.

Another popular approach is steering using sinusoids [14,15,35-38]. This method
applies sinusoidal control inputs of integrally related frequencies. States are sequentially
brought into the desired configuration in stages, while the rest of the states remain
invariant over a single cycle. This approach has been validated in generating motion of
an underactuated robot fish [39]. Steering using sinusoids suffers from the complicated
sequence of actions that grows as a function of the inputs involved. Moreover, besides
also being model-specific, the method addresses each state separately, meaning each state
gets controlled by its own periodic motion, requiring N periods for an N-dimensional
system, leading to slow convergence. Further, solutions focus on the final states (at the
end of each cycle) and not their time evolution, hence they may temporarily increase the
running cost (consider the car example of Fig. 7 in [14]). As with the method of piecewise
constant motion planning, when tracking a moving target, these factors also compromise

the performance of this approach.
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Other trajectory generation techniques for controllable systems involve differential
flatness [40-44] and kinematic reduction [45-47]. Control based on differential flatness
uses outputs and their derivatives to determine control laws. However, as discussed in [48],
there is not an automatic procedure to discover whether flat outputs exist. Further,
differential flatness does not apply to all controllable systems and motion planning is
further complicated when control limits or obstacles are present [45].

Needle variation methods constitute a distinct approach to optimal control. Contrary
to optimal control algorithms that try to minimize a local approximation of the cost
function by iteratively searching in high-dimensional spaces, a computationally expensive
process, needle variation methods aim to reduce, not minimize, the objective. They avoid
the approximation of the value function, and instead exploit the time-evolving sensitivity of
the objective to infinitesimal switched dynamics to optimally perturb the default trajectory.
As a result, needle variation methods are less computationally expensive than methods
such as iLQR and other algorithms that expand the cost function to second order [49,50].
For example, while first-order needle variation controls compute the evolution of the state
and first-order costate equations via two n x 1 differential equations in each iteration, the
iLQR algorithm solves the Riccati equations to calculate a descent direction and, together
with the simulation of the state, it computes in total three n x 1 and one n x n differential
equations.

Needle variation methods exist globally, demonstrate a large region of attraction [2,51],
and have a less complicated representation on Lie Groups [51]. On the other hand, needle
variation methods based on the mode insertion gradient have so far been implemented only

as single-action feedback. As a result, control responses are discontinuous without filtering
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realizable by hardware. Additionally, single-action controllers exhibit poor performance
near equilibrium and often switch to iLQR policies to ensure stability [2, 3].

Sequential Action Control (SAC) [2] is a nonlinear controller based on needle variation
theory. SAC uses an analytical closed-form solution to synthesize control actions that
best improve the stated objective, contrary to other optimization schemes that iteratively
calculate optimal control actions to minimize a cost function [52,53]. As a consequence,
SAC obtain orders of magnitude improvements in computational speed over controllers such
as iLQG [13], while achieving comparable performance with less control effort [2]. These
traits render SAC well-suited for online tasks of high-dimensional and highly-nonlinear
robots. On the other hand, SAC is challenging to implement in hardware because its
feedback is discontinuous, it performs poorly near equilibrium, and can fail to find solutions
even for single tasks (i.e., diagonal displacement of vehicle-like systems).

In the first part of this thesis, I address the shortcomings of SAC and leverage needle
variation methods to create a computationally efficient nonlinear controller that has
controllability-based convergence guarantees for known dynamics. First, in Chapter 3, [
demonstrate empirically that SAC is able to reject unknown drift intensities and directions
[2,54,55] and produces comparable trajectories to alternative trajectory optimization
methods using less control effort and resulting in better objective cost. In Chapter 4, I
establish a mathematical relationship between the solution of gradient descent and SAC.
By proving that the mode insertion gradient provides a descent direction for the entire
time horizon, I construct a continuous feedback synthesis scheme out of the single-action
solution, referred to as Needle Variation Controller (NVC). The proposed algorithm is

a generalization of all first-order control solutions and, under certain parameter choices,
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matches the solution of conjugate gradient descent. NVC relates SAC to gradient descent
and, by showing that the entire curves of SAC solutions can be implemented for control,
I allow the discontinuous, hard-to-implement SAC solutions to be applied as smooth
feedback that is more actuator-friendly, and without losing the convergence guarantees.
Further, by relating SAC to gradient descent, I bridge the gap from sequential action
control to traditional control policies and show the potential for other feedback policies to
be implemented in a single-action fashion. Using NVC, I successfully control a bipedal
walker and show that the proposed controller readily adapts to hybrid systems. Without
using gait specific parameters, NVC performs gait initialization, establishes a quasi-periodic
gait cycle, and is robust to force disturbances.

Last, in Chapter 5, I augment SAC with second-order needle variations, termed mode
insertion hessian (MIH), to overcome control singularities and improve the convergence
rate. I relate the MIH expression to controllability analysis by revealing its underlying Lie
bracket structure and present a second-order Sequential Action Controller that guarantees
control solutions for the entire class of systems that are controllable with first-order Lie
brackets. For classically studied systems, such as the differential drive cart, this amounts
to being able to guarantee that the control approach is globally certain to provide descent
at every state. As a consequence, provided that the objective is convex with respect to the
state (in the unconstrained sense), second-order SAC provably guarantees that the robot
reaches the target in a collision-free manner in the presence of (moving) obstacles without
relying on predefined trajectories. I demonstrate the efficacy of the algorithm on various
systems, including a differential drive vehicle and an underactuated dynamic model of an

underwater vehicle. These studies conclude Part 1 of the thesis.
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Robot dynamics are often unknown or stochastic (e.g., Sphero SPRK [56], soft robotics
[57,58]) and environments that are complex or changing (such as sand [59-61] or water
[62-65]) are hard to model accurately. In the face of such uncertainty, robotic applications
often fail due to poor prediction and control. For this reason, system identification methods
are used to develop or adapt a model from data [66-71].

Recent data-driven efforts in robotics have focused on Koopman operators [72]. Koop-
man operators are linear embeddings of nonlinear systems that evolve functions of the
states without loss of accuracy [73-76]. In general, linear representations are often desir-
able because they admit closed-form solutions, simplify modeling, and are general enough
to be useful in many applications (e.g. Kalman filters). Further, there are well-established
tools for the analysis (e.g. investigating properties of a system, such as stability and
dissipativity), prediction, estimation, and control of linear systems [77]. Further, linear
dynamical systems can be learned in a self-supervised manner and naturally arise in many
areas of machine learning and time series modeling with several active research applications,
such as dynamic texture classification [4,78] and video action recognition [79, 80].

In robotics, Koopman operators have gained attention for the purposes of both system
identification [81] and real-time nonlinear control [76], as they can help address both the
difficulty with nonlinearity and the need to incorporate data in the model [81-83]. The
linear representation allows one to control the nonlinear system using tools from linear
optimal control [73,84], which is often easier and faster to implement than nonlinear
methods, thus enabling online feedback for high-dimensional nonlinear systems. Beyond the
computational speed and the reduction in feedback complexity, the linear representation-

based control could lead to better performance compared to a controller that is based
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on the original nonlinear system [85,86]. However, with few exceptions [85, 87, 88],
Koopman operators are typically infinite-dimensional and studies seek finite-dimensional
approximations to Koopman operators that still capture the dynamics with high fidelity
using methods such as the Dynamic Mode Decomposition (DMD) [89], extended DMD
(EDMD) [82,90], Hankel-DMD [91], or closed-form solutions [92,93].

In the trade-off between the dimensionality and the modeling accuracy of the linear
representation, these studies face the challenge of finding the minimum number and choice
of basis functions for the desired accuracy [94]. There has not been a systematic way
to select basis functions for approximate Koopman models of general nonlinear systems;
rather, most efforts rely on trial-and-error [57,95-99| and machine learning tools [94,100],
or are system-specific [81]. Furthermore, there is no available method to analyze the
predictive accuracy of the finite-dimensional Koopman operators for general nonlinear
systems. In light of this, Chapter 8 presents a generalizable methodology for choosing
Koopman basis functions and analyzes the model accuracy with error bounds [101]. The
proposed method constructs the basis functions for the Koopman operator using higher-
order derivatives of the nonlinear dynamics, which need not be known; only the derivatives
of the tracked states must be available. The error bounds, which depend on the prediction
time horizon and the magnitude of the derivatives, can be used to determine the basis
functions for the desired level of model accuracy. This is the first work that selects basis
functions using a systematic methodology and provides an error bound on the accuracy
of a Koopman representation for general nonlinear dynamics. The proposed data-driven

modeling approach is validated with simulation and experimental results on the control
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of a tail-actuated robotic fish. Updating the dynamical model in real time significantly
improves the performance of Koopman-LQR in the presence of unknown fluid disturbance.

When learning representations from data, it is important to generate models that
generalize beyond the training data and remain accurate for long predictions. To do so,
data-driven models need to have the same properties (e.g. symmetry) as the underlying
dynamics. However, when learning representations from data, side information and
knowledge of the modeled dynamics have typically not been leveraged to improve the
models. Koopman-based efforts, in particular, have relied on black-box optimization
tools that return best-fitting models without regard for their properties. As a result,
research efforts have overlooked whether the properties of the learned model are consistent
with those of the original system. Stability is an especially important feature of linear
representations. It describes the long-term behavior of a system and is critical both for
numerical computations to converge and to accurately represent the true properties of many
physical systems. However, it is often overlooked and the learned linear representation
may be unstable even when the underlying system is stable [102]. For example, work
in [90] makes assumptions on the stability of the underlying nonlinear dynamics—i.e., the
system has a single attractor that is (asymptotically) stable—but does not enforce similar
constraints on the learned model. As a result, stable nonlinear dynamics are sometimes
represented by Koopman operators that are unstable, due to noise, poor quality (e.g.,
sparse or highly-correlated) measurements, or even limitations of the learning schemes
used [103-105]. Needless to say, when the stability properties of the underlying system
and the learned model do not match, the Koopman-based evolution of the states diverges

exponentially from the true solution.
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Chapter 9 presents an algorithm, called SOC, for learning stable LDSs for prediction
and control. SOC is provably more memory efficient than competing alternatives, with an
O(n?) space complexity—n being the state dimension—compared to O(n*). In addition,
SOC returns a stable LDS even after one single iteration, which can be crucial in online
applications and time-sensitive tasks where obtaining a stable state-transition matrix
as early in the optimization process as possible becomes of central importance. The
performance of SOC is demonstrated on learning dynamic textures from videos, as well as
learning and controlling (in simulation and experiment) the Franka Emika Panda robotic
arm [106]. When compared to the current top-performing models, a constraint generation
(CG) [4] and a weighted least squares (WLS) [107] approach, SOC achieves an orders-
of-magnitude lower reconstruction error, robustness even in low-resource settings, and
better control performance. Notably, SOC is the first that tests the control performance
of stable LDS; CG has been formulated but not evaluated for control tasks and it is not
straightforward that WLS can be implemented for such applications.

Chapter 10 uses the SOC algorithm for the data-driven identification of stable Koopman
operators (DISKO) for the purposes of predictions that remain numerically stable and
accurate over long time horizons as well as improving control performance, especially in
the low-data limit. Specifically, it derives the prediction error induced by Koopman models
over an arbitrary number of time steps (a result that is used to show the need for stable
operators); it provides conditions for choosing Koopman basis functions that are consistent
with the stability properties of the underlying nonlinear system and which can improve
data-driven learning; and it presents a method to construct candidate control-Lyapunov

functions for nonlinear dynamics, which are used to verify stabilizing controllers. The
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benefits of DISKO are demonstrated with simulation and experimental results on various

systems, including a quadrotor in free-fall and a pusher-slider system.
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CHAPTER 2

Background

This chapter reviews Sequential Action Control (SAC), which is the pillar upon which
Part 1 of this thesis is developed. SAC is a model-based controller for control-affine
nonlinear systems that is based on the theory of needle variations. Chapter 3 demonstrates
empirically the ability of SAC for disturbance rejection and Chapter 4 relates SAC
to Gradient Descent. Last, Chapters 5 and 6 augment SAC with second-order needle
variations and provide explicit controllability-based guarantees for convergence and collision

avoidance.

2.1. Needle Variation Control Methods

Consider a system with state z : R — RY and control u : R — RM*! with control-

affine dynamics of the form

(2.1) #(t) = f(x(t),u(t)) = g(z(t)) + h(x(t))u(),
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where g(z(t)) is the drift vector field. Needle variation methods consider a time period

[to,tf] and switched control modes described by

(2.2) E(t)=90fy, 7-2<t<r4+2

fi, T+5<t<ty,

where fi and fy are dynamics associated with default and inserted control v(t) and u(t),

respectively, and defined as

f2 = f(x(t)vu(T))

Parameters 7 and \ are the switching time between the two modes and the (infinitesimal)
duration of the inserted dynamics f2. Note that the default control v(t) is the actuation
for the nominal trajectory—uv(t) could itself be the result of a different controller—which
is then improved by the insertion of a new control vector u(t) creating a switched mode
f2. In addition, while the default control v(¢) of the switched mode sequence in (2)
may be time-dependent, the dynamics fo have control u(7) that has a fixed value over
[T — %, T+ %] Dynamics of the form (2.2) appear in optimal control of hybrid systems to
optimize the time scheduling of a priori known modes [108], but single-action feedback
schemes use them to obtain a new control mode that will optimally perturb the trajectory

of any type of system with a needle action.
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Needle variation methods consider objectives that have typically been control-independent

of the form?!

(2.3) J(s(t)) = /:f 0(s(8)) dt + m(s(ts).

and use the first-order sensitivity of the cost function to infinitesimal applications of
inserted control (called the mode insertion gradient (MIG) in the hybrid systems literature
[110,111]). For simplicity, the arguments are dropped as necessary in the following

analysis. The mode insertion gradient for control-independent costs, derived in [108], is

dJ

(2.4) dhr =p"(fo— f1),

where the elements of p : R — R are the first-order adjoint states (costates), which are
calculated from the default trajectory via
p=—Dsl" — Dyffp
(2.5)
subject to: p(ty) = Dgm(s(ty))’.
The subscript A4+ indicates that derivative is considered after evaluating the limit A — 0.
Note that, in practice, the applied control will have finite duration. Due to continuity,

however, the first-order sensitivity of the cost to inserted control will be similar to the

1While the objective for needle variation controls has typically not included a control term, doing so is
straightforward and yields similar performance. Work in [2,109] has considered objectives with control
terms, and one can recompute the mode insertion gradient and mode insertion Hessian assuming the
objective depends on u [109] without impacting any of the rest of the approach.
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A control

Figure 2.1. A fixed-value perturbation in the nominal control, introduced at time
7 and with duration A, and the associated variation in the state. In the limit
A — 0, the control perturbation becomes a needle variation.

MIG value (e.g., remain negative, if the MIG (2.4) is negative) in a neighborhood around

A = 0. For more details, refer to [2].

2.2. Sequential Action Control (SAC)

SAC, introduced in [2], is a needle-variation based closed-loop control algorithm. It
considers two modes, v(t) and u(7), associated with default and optimal dynamics f; and
f2, respectively and, over the course of each horizon [t,,t¢], it injects optimal dynamics fo
for infinitesimal duration. That is, the algorithm switches from the default mode f; to the
optimal action mode fo and back to fi.

More specifically, during each cycle SAC forward simulates the dynamics of the system
along a user-specified time horizon T'. Then, it uses the MIG to compute a closed-form

analytical expression of an optimal action that minimizes the MIG (not the objective
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function) with respect to an infinitesimal application of fy, that is

1,d
u*(t) =min = J

at N e 1 2
nix 5 (7 () —aa)” + S llu@)l7

(2.6)
=(A+ R") " Aur(t) + agh(t)"p(t)],

where A 2 h(t)Tp(t)p(t)Th(t) = 0 and g € R~ expresses the (desired) first-order cost
sensitivity (MIG) to the injected dynamics. Typically, oy = —v.J where v € R™. Although
g changes across iterations, it remains constant throughout [t,,t¢] of any individual
control update.

The optimal control curve u*(¢) in (2.6) returns the optimal control value as a function
of time and enables SAC to compute the most effective time to act, i.e., one that minimizes

the MIG while penalizing also control effort and the cost of waiting:

(2.7) T:@nmmm+$§@+u—%ﬁ

Last, SAC considers finite controls that could improve the objective more than infini-
tesimal actions. Starting with an initial finite duration A centered at 7, SAC iteratively
reduces the duration via a backtracking line search until the objective improvement is
above a specified value. SAC controls exist and are unique, as they are solutions to
Tikhonov regularization problems [2]. A visual overview of SAC is presented in Fig. 2.2.
The algorithm successively, every ts seconds, performs the set of computations presented
in Algorithm I.

The results in [2] show that SAC is promising for on-line optimization problems.
Additionally, SAC is computationally very efficient, as it computes an analytical solution

2tcurr =1 X tg
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Figure 2.2. The algorithmic steps of SAC. Using default control, the state and
costate variables are forward simulated in time. The optimal control response
is computed from a closed-form analytical expression and saturated. In the last
step, the application time of a single inserted action is chosen to correspond to a
negative MIG.

Algorithm I Sequential Action Control

Simulate dynamics fi for t € (tewrr, tewrr + T)*

Compute initial tracking cost Jin; from equation (2.3)

Analytically compute optimal control curve u*(t)

Search for optimal time 7; to enact infinitesimal control u(7;) from equation (2.7)
Saturate control

Perform line search to specify control duration \;, centered at ; : (7; — %, Ti + %)

to a non-linear optimal control problem. As a result, it avoids the large computational cost
involved in solving the 2*2%" Riccati differential equations used by open-loop optimal
control approaches for IR"-state systems. Further, it readily imposes control constraints,

and can avoid local solutions at which SQP algorithms stop prematurely (see [2]).
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The computational cost for systems with multidimensional state and control space
renders some optimization methods too slow to incorporate feedback and perform in real
time. The speed of the algorithm and its ability to scale better with respect to state and

control dimensions are the reasons to consider SAC appropriate for real-time applications.
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CHAPTER 3

Empirical Disturbance Rejection of SAC for Unmodeled Fluid

Flow

This chapter uses Sequential Action Control (SAC) for fast trajectory-tracking tasks in
the presence of fluid drift. Through the benchmark example of the dynamic car, it is shown
that SAC outperforms a traditional offline projection - based optimization technique in
terms of control effort and objective cost. Motivated by recent work on effort-efficient, sight-
independent weakly electric fish, this chapter also shows that SAC successfully provides
control-optimal dynamics to perform short-range underwater maneuvers. Simulation
results highlight SAC’s empirical robustness to different drift intensities and added mass

properties, even when the effective fluid drift is not included in the controller’s model.

3.1. Simulation Results

In this chapter, I investigate applications of SAC on systems with drift. The goal is to

illustrate the algorithm’s ability to track trajectories:

— in non-dynamic/fluid environments
— underwater, in the presence of drift

— using dynamics with added mass in fluid.

The systems I consider are the 2D model of the dynamic car and an underwater model with

the same dynamics and added mass parameters from the electric fish (dynamic fish-robot).
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----- Desired Trajectory -4
—— No Flow
—— With Flow

—-6F
Figure 3.1. A parametric plot of SAC-computed trajectories on tracking the
desired trajectory (dotted line) using the dynamic car dynamics at a control
sequencing frequency of 20 Hz. The performance of the control is tested against
no drift and drift of -1 m/s Z. Although the time horizon used for the simulations

is extremely short (T = 1 s), the performance of SAC remains largely unaffected
by the presence of flow.

These examples showcase SAC’s general ability to track trajectories in environments
with fluid flow and, more specifically, control the kinematics of the actual systems. The
kinematic model of the car tests the general trajectory - tracking ability of SAC in fluid
environments. Application on the dynamic fish-robot serves as a stepping stone for
ultimately testing SAC on a robotic fish system [112,113].

Both examples present the same trajectory - tracking task with and without fluid drift.
The results of the two cases are compared to show the effect of fluid environments on SAC.
Underwater dynamics are simplified to constant fluid velocity drift in the system’s state.

To model the effect of drift, different intensities of fluid flow are used in both systems.



52

400

200t /.

Position States (cm)
[=]

200k X[t] Desired
————— Y[t] Desired
—— X[t] No Flow
_400F" Y[t] Ng Flow \
—— X[t] With (Unknown) Flow Y.
----- Y[t] With (Unknown) Flow

0 5 10 15 20
Time (s)

Figure 3.2. The SAC algorithm tests the dynamic car system on tracking the
reference (gray) signal in two ways. On the first (blue) run, SAC is tested in a
non-fluid environment and on the second run (red) in a fluid environment with
-1 m/s & flow. The simulation uses non-fluid dynamics (absence of drift effects)
in both cases—that is, the controller does not know there is fluid drift on the
second run. Dotted lines show the x-coordinates and solid ones the y- ones. The
reference signal is marked with gray, the neutral-environment test with blue and
the underwater one with red.

3.1.1. Dynamic Car

The dynamic car is a well studied example often used in the literature to measure tracking
performance of optimization algorithms [114,115]. In this subsection, SAC is tested on
the 2D underactuated model of the dynamic car with state s = (z,y,v, 0, Q)T, where v

is the forward velocity of the car in the body frame, and control input u = (up, uT)T —
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drive and turn, respectively. The dynamics are modeled as

v - cos0 + Ty
v - sinf + Yoy
(3.1) f(S,U): up—mn1-v |

0

up —mn2 -0

where @, and 9, represents the fluid drift in the x- and y- world frame axes and n; =
0.01 1/s and 72 = 0.03 1/s represent linear and rotational damping coefficients. In this

example, SAC is applied to track the following desired trajectory:

t t
(3.2) sa(t) = (5- sin, 5-sinc, o,g, 0)7.
The parameters used in the simulations are ts=0.05 s, T=1 s,4,, = -1.0 m/s, 4, = 0,

Q=Diag[100,100,1/1000,0,1/100], Pi=Diag[0, 0, 0, 0, 0], R = Diag[1078,1078]. The
system starts from initial conditions so = (0,0, 0,0, O)T and the control remains constrained
within the following limits: (up € [~10,+10] m/s?, up € [—30, +30] rad/s?).

The results of the simulation are presented in Fig. 3.1. The dynamic car stays within
a couple centimeters of the desired trajectory, both in the absence and presence of fluid
drift. In this benchmark example, fluid drift does not have a significant effect on tracking
performance, despite the short time horizon used. Even though fluid dynamics have been
simplified with constant velocity drift, SAC stays largely unaffected in its performance

and is able to turn and drive the car to follow this changing track. The algorithm is also
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ary nearby target. target.

Figure 3.3. SAC and the projection-based trajectory optimization scheme are
tested on reaching a nearby target at (x,y) = (5 m, 5 m), starting from sy =
[0,0,0,0,0] and using the dynamic car dynamics in the presence of a -1.0 m/s £
drift. Asshown in the left figure, SAC satisfies saturation limits and exhibits better
station keeping performance by remaining closer to the target (zoomed image).
SAC outperforms Trajectory Optimization also in terms of the control efforts,
which are measured by integrating control actions over application time: fttof u(t)dt.
Throughout the ten seconds of simulation, SAC uses 26.71 m/s?- s and Trajectory

Optimization uses 41.35 m/s?- s. After the first two seconds, the integrated errors

are 26.3 cm and 65.6 cm and the controls used are 3.63 m/s? s and 4.41 m/s?- s

for SAC and Trajectory Optimization, respectively. Control saturations used

in SAC keep controls below 10 m/s?, better resembling experimental actuation

constraints.
compared to a projection-based trajectory optimization method on the task of reaching a
nearby location. As Fig. 3.3 shows, SAC is able to decrease the objective (distance to the
target) with less control and better final error, despite the saturation limits applied on
control.

The ability of SAC to perform well with fluid drift inspired further work. Specifically,

the authors tested whether SAC could apply optimal corrective control, without knowledge

of the existing drift effects. In simulation, SAC is tested in the context of two dynamics,

the non-fluid f,; and the fluid fcq. Dynamics f,; are the dynamics of the car f in
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the absence of drift (& =y = 0), whereas dynamics f..q are the actual dynamics of the
environment (£ = —1.0 m/s,y = 0). In this way, SAC performs its computations, and
applies control using f, . The actual progression of the system states, however, occurs
using freq and the control that is computed for f,,r. The results presented in Fig. 3.2 show
that SAC performance does not significantly deteriorate “underwater” without knowledge
of the true fluid dynamics. The controller tracks the desired y-state accurately, while the
x-state is only slightly off throughout the simulation. As the figure shows, the car oscillates
back and forth over the reference target in the non-fluid test (blue curves) due to control
overshoot. This effect arises because of the very short time horizon that does not allow the
controller to know the desired trajectory well in advance. A second simulation with twice
the time horizon duration (T' = 2 s) showed reductions in the oscillations around these
reference x-state. Yet the results of Fig. 3.2 describe a more realistic scenario, in which
the controller has limited information about the controller’s future motion and becomes

more reactive than predictive.

3.1.2. Dynamic Fish-Robot

Through the benchmark example of the dynamic car, SAC is shown to be capable of
trajectory - tracking in the presence of fluid drift, whether or not it has any knowledge of
the actual fluid dynamics. Its computational speed and empirical disturbance rejection
(evident in the results presented) are reasons to believe SAC can appropriately control
underwater vehicles in real-time. Fish in general, and the weakly electric fish more

specifically, are promising candidate system for underwater dynamical models in cluttered,
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dirty environments [1,112,116-118]. For this reason, this is the second system on which
SAC is tested.

The weakly electric fish black ghost knifefish Apteronotus albifrons lives in dirty,
turbulent waters and provides science with an example of optimal underwater motion
[1,117]. Its ability to navigate has already been studied and shown to be optimal in
prey-tracking scenarios [1], providing a potentially useful design model for future AUVs.

Its ability to navigate in turbid water sensing by way of a self-generated electric field
drew the attention of the scientific world which saw a model of how to extend underwater
expeditions to low-visibility areas. As described in [119] and [120], the weakly electric fish
use active electrosense to map its surroundings and catch its prey. It continually generates
an oscillating electric field and, through thousands of electric sensors placed throughout
its body, can sense the presence of objects around it. Objects that do not share the same
conductivity as water and perturb the self-generated electric field of the fish cause voltage
changes at the sensors that are processed by the animal.

The dynamics of the underactuated electric fish are derived from Euler-Lagrange (EL)
equations equivalent to Kirchhoff’s equations [1]. With state s = (z,v, 6, i, 7, Q)T expressed
in the world frame, and control input u = (up,ur)? — drive and turn, respectively — in
the body frame, the model incorporates damping and control input in the body - frame
and fluid drift in the world frame. Specifically, the fish is modeled as a rigid body with
a generalized inertia matrix I = Diag[mi, ma, ms, j1, j2, j3] and body-frame velocity V;
given in terms of Gyp(z,y,0) (the transformation from the world to the body - frame)
and R(6) (the rotation matrix):!

IThe v operation on a 4x4 matrix is defined as GV = (G14, Ga4, G34, G32, G13,G21), with G;j defining
the element of G in the i-th row, j-th column; p = (&, 7, Z)T.
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(a) A success/failure map of nearby targets for the
dynamic fish-robot. All targets are successfully
reached within ten seconds of simulation time.
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(b) Target locations are color-coded based on the
simulation time it takes the dynamic robot-fish
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hind (-2) the system are reached the fastest. The
asymmetry around the y-axis origin is due to the
+0.1 m/s § drift.

Figure 3.4. A map of target locations posed to the dynamic robot-fish system in
the presence of +0.1 m/s ¢ drift. Two hundred targets are randomly generated
from a sample space of (x, y) = (1 m, 1 m) using Monte Carlo sampling. Success
is defined by whether the robot-fish, always starting from an initial state of

S0 —

[0,0,0,0,0,0]7, is at the end of the simulation (10 seconds) within 2 cm of

the target, equal to half the longest dimension of the electric fish [1]. The only
concern of the task is to approach the nearby targets and so zero weight is applied

on the orientation 6 of the system.
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ries.
Figure 3.5. SAC is applied on the dynamic fish-robot model to track the desired
trajectory at a control sequencing frequency of 20 Hz. The performance of the
controller is tested against no drift and drift of +0.1 m/s §. The computed
trajectories are plotted against the reference signal. Although the time horizon

used for the simulations is extremely short (T = 1 s), the performance of SAC
remains largely unaffected by the presence of flow.

The generalized inertia matrix I uses information about the physical limitations of
motion and restorative forces in underwater environment. Parameters my,mo, ms describe
the added mass matrix (due to the volume of fluid accelerated by translations of the fish)
and parameters ji, jo, j3 refer to the added moment of inertia matrix (due to the volume
of fluid accelerated by rotations). The values used are (m1, mg, mg) = (6.04,17.31,8.39) g,
(j1, j2,J3) = (1.57,27.78,54.11) g cm? found in [1].

Assuming the body lies on a 2D plane, its potential energy (PE) is constant and its
KE = %VbTI Vp (invariant across transformations). The Lagrangian of the system is L =

KE - PE, the EL differential equations are:

oL d oL
3.3 — - —— =F fori=1,2,3
( a) aql dt asl ext or 1 ) “y Yy
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Figure 3.6. A contour plot on the effect of fluid drift intensity on trajectory -
tracking performance for the dynamic system. The maps plot performance error
as a function of fluid drift intensity (in both the x- and y- direction) and are
generated from interpolating data for drift € (-0.15, 0.15) m/s sampled in steps of
0.05 m/s. Performance error is calculated as the integrated distance (in m) away
from the desired trajectory throughout the simulation period (20 seconds). The
majority of the error occurs in the first five seconds, until the controller catches
up with the target. The right figure shows the error between 5-20 seconds. The
desired trajectory is provided in 3.4 and has a total arc length of 1.52 m over the
simulation period.

where
up + Dy
(3'3b) Feyt = R(Q) : Do )
ur + Ds

where Dy, Dy, D3 are the damping forces. The rotation matrix in equation (3.3) is used
to convert the forces of damping and control in the body-frame. Solving equation (3.3)

yields &, 4, 0. Water drift @, 9, is added to the measured state - velocities 4, 9.
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First, SAC is tested on reaching nearby targets in the presence of +0.1 m/s ¢ drift.
The results, presented in Fig. 3.4, show that SAC reaches all randomized targets. These
results highlight the maneuverability of the dynamic robot-fish dynamics, which SAC
can efficiently handle. The parameters used in the simulation are t; = 0.05 s, T =
1 s, @ = Diag[1000, 1000, 0, 0.01, 0.01, 0.01], P, = Diag[10000, 10000, 0, 1, 1, 1],
R = Diag[l()_?’, 10_6]. SAC is further applied on tracking the following desired trajectory
for 20 seconds, with and without flow:

™

2

7

T
2],O,O,O,O) :

t t
sa(t) = (0.2 cos[i ——],0.240.2- sin[i —

Starting from so = (0, 0, 0, 0, 0, 0)7, SAC uses t; = 0.05s, T = 1 s, Q = Diag[1000,
1000, 0, 0.01, 0.01, 0.01], P, = Diag[10000, 10000, 0, 1, 1, 1], R = Diag[1073,107°], and
saturation constraints of 1 N on both control inputs. Simulation results are presented in
Fig. 3.5. Not only does SAC successfully track the desired trajectory using the electric
fish dynamics, but it also does reasonably well in the presence of fluid drift. The resulting
underwater motion (with drift) is less smooth compared to the motion without drift, but
is not worse in terms of the objective which is tracking the reference signal. Last, SAC is
tested on the following trajectory - tracking task for a set of different fluid flow direction

and intensities:
ot ot T
(3.4) sq(t) = (0.2 - sin 7 0.2 -sin 2 0, 0, 0, 0)".

Results are presented in Fig. 3.6 and show that SAC’s ability to track the desired trajectory
is empirically robust to different fluid intensities. While these simulation results cannot

guarantee SAC’s success tracking trajectories underwater in general, they suggest that
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SAC can be used for underwater tracking using the model of the knifefish and provides a

promising basis for further exploration.

3.2. Discussion

This chapter presents the ability of SAC to perform trajectory-tracking tasks in the
presence of fluid drift. Because underwater environments are difficult to model accurately,
several optimization schemes involve approximations in their models. Due to being offline
or having a high computational cost, such schemes do not seem good candidates for
real-time problems. On the other hand, the application results of this chapter show SAC
to be a control-efficient solution that empirically rejects fluid drift disturbance, without
sacrificing tracking performance. Hence, SAC seems a reasonable alternative for underwater
trajectory-tracking. On the other hand, Sequential Action Control generates discontinuous
feedback that may be challenging (or infeasible) for actuators. In Chapter 4, I show how
one can use the solution of Sequential Action Control to generate smooth feedback that

can provably decrease the cost function.
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CHAPTER 4

Relationship of SAC to Gradient Descent and Smooth Control

Synthesis

This chapter proves that the mode insertion gradient (MIG), traditionally used in
hybrid systems for optimal mode scheduling, provides a descent direction over the entire
time horizon. This result allows us to construct first-order needle-variation based controllers
for general nonlinear systems that synthesize continuous control responses from the MIG,
maintaining the benefits of needle variation methods, such as high computational efficiency
and a large region of attraction. The proposed algorithm of needle-variation based
continuous (NVC) feedback is a generalization of all possible first-order algorithms and,
for specific parameters, it is shown to match the conjugate gradient descent algorithm.
As a second result of this chapter, the proposed control solution guarantees descent even
when subject to arbitrary scaling (that can differ both across different inputs and over
time) as long as it maintains the sign of each input. The benefits of NVC are showcased
in simulations of a three-link biped that demonstrates successful gait initiation, walking,

and disturbance tolerance.

4.1. Descent Direction of Needle-Variation-Based Continuous Control

In hybrid systems literature, the mode insertion gradient (MIG) is the first-order
sensitivity of the objective to an infinitesimal perturbation of the default control. Feedback

controllers that use needle variation methods, such as Sequential Action Control [2],
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construct control responses that correspond to a negative MIG. The resulting solution
is itself a function of time and returns the optimal infinitesimal input perturbation at
an application time. In this chapter, I show that the mode insertion gradient, and by
extension the solutions of first-order single-action controllers [2,3], is a descent direction for
the control over the entire time horizon. As a result, one can apply the control curve and
avoid the sparse implementation of single-action feedback schemes. This is an alternative
implementation that updates all the control values over the time horizon, similar to linear
quadratic methods, but with less computation. The analysis of this chapter rests on

definitions and assumptions that are defined next.

4.1.1. Assumptions

Definition 1. A trajectory that is the local minimizer is given by a pair (z*,u*) if
and only if the pair satisfies the optimality conditions posed by Pontryagin’s Maximum

principle:

OH d 0OH d OH
(4.1) o %S(t) s —ap(t) Dy 0,

where H, the Hamiltonian function, is defined as
H 2 L(s(t), u(t), 1) + o7 () £ (s(8), u(t), 1)

Assumption 1. The vector elements of dynamics fi and fo are real, bounded, C* in

z, and C° inu and t.
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Assumption 2. The incremental cost £(-) and the terminal cost m(-) are real, bounded,

and C! in x.

Assumption 3. Default and inserted controls v and u are real, bounded, and C° in t.

There are two variants of single-action policies, SAC and iterative SAC (iSAC), with
slightly different control policies. In the analysis that follows, I examine the properties of

both algorithms.

4.1.2. Feedback Policy of Sequential Action Control

Let v(t) be the default control and w(t) be the control perturbation vector, such that
(4.2) u(t) = v(t) +w(t).

For ease of comparison, I also express the SAC solution in terms of the nominal vector

and a perturbation,

such that

(4.3) w(t) = —(A+ R) " (Ru(t) — aght p(t))
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4.1.3. Feedback Policy of Iterative Sequential Action Control

To show that the control solution of Sequential Action Control is a descent direction over
the entire time horizon, I use the slightly modified control solution of iterative Sequential
Action Control (iSAC) [3], a variation of SAC with conditions on stability.

Work in [3] uses a4 as the desired sensitivity and computes controls given by

1 d 1
u(t) = arginin i(ﬁ —ag)?+ 5”“ —vl|%
(4.4) =v(t) + aa(A+ R)"'h" (t)p(t),

where A 2 h(t)Tp(t)p(t)Th(t) = 0 as in (2.6). The first term in (4.4) drives the MIG to
a desired negative sensitivity (ay), while the second term penalizes large deviations from

the nominal control. Given (4.2), the control update becomes
(4.5) w(t) = ag(A+ R)T'RT ()p(t).

Note that the only difference between the control solution of iSAC (4.4) and SAC (2.6)
is that iISAC penalizes the deviation from the nominal control |||u(t) — v(t)||%, where
SAC penalizes the magnitude of the applied control ||u(t)||%. The two solutions become

identical if the nominal control is zero.

4.1.4. Proofs of Descent for MIG-based Continuous Feedback

This subsection proves that the control solution of iSAC is a descent direction over the
entire time horizon. Further, it proves that the descent direction remains a direction when

scaled in arbitrary ways.
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Proposition 1. Consider systems with state s and control u and an objective given
by (2.3). Then, the control policy given by (4.5) is a descent direction for allt € [to,ty].
Further, if there exists t € [to,ts]| for which the MIG is negative, then the feedback policy in
(4.5) will decrease the cost. Moreover, this feedback policy converges to the local minimizer

trajectory, as stated in Definition 1.

PRrROOF. Using a first-order Taylor expansion, I write

oJ

(4.6) J(v(t) +w(t)) ~ J(v(t)) + 3l bt .

w(t).

For objectives of the form in (2.3), I use the Gateaux derivative to calculate the gradient

of the cost with respect to the control

(@7) L ro(t) + ew(t))

de = /ttf p(t)Th(t) -w(t)dt.

e=0

From (4.6) and (4.7), the first-order change in cost can be approximated with

(4.8) AJ = t:‘f pL ()A(t) - w(t)dt.

Equivalently, using the expression of the MIG (2.4) for control-affine dynamics (8.21),

ATy )

Dy
_T
=p (g+hu—g—hv)
=pT h(u—)

=p" hw,
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such that, using (4.2), I can write

ty dJ
AJ =~ —dt
to d)\_|_ ’

which, with the update of (4.5) and given that oy < 0, becomes

ty
AJ %/t callo” (RO p ) )2t < 0.

o

The equality is true when

AT =0 pl (Hh(t) =0V t € [ty tf]

dJ
—_— = t to. 1r].
<:>d>\+ 0oV E[o,f]

Therefore, if there exists t € [t,, tf] for which dJ/d\y+ < 0, then AJ < 0. The change in
cost, to first order, will be zero if and only if p? (¢)h(t) = 0 for all ¢ € [t,, t¢], which is the

condition for a minimum according to Pontryagin’s Maximum Principle (for objectives of

the form in (2.3)). d

Note that the SAC policy (4.3) is not a guaranteed descent direction over the entire
horizon for control-independent cost functions (2.3). On the other hand, it is straight-
forward to show that the SAC policy is a descent direction over the entire horizon for
control-dependent cost functions. The difference between SAC and iSAC and their relation
to Gradient Descent is examined in Section 4.2.

Next, I prove that one can scale the descent direction in an arbitrary way, differently
across the time-horizon, and still obtain a descent direction, provided that the direction of

the update is maintained.
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Proposition 2. Consider systems with state x and control u and an objective metric
given by (2.3). Let T(t) > 0 be a diagonal matriz. The control update w(t) given by (4.5)

remains a descent direction for the entire trajectory even when scaled to ws(t) = T(t)w(t).

ProoF. Consider the update policy in (4.5) with scaled control @(¢). Let ws(¢) indicate
the perturbation after scaling, such that @(t) = v(t) + ws(t), where wy(t) = T'(t)w(t),
where the diagonal elements of I'(¢), v;(t) > 0, can be different from each other.

From Proposition 1, the cost change, approximated to first-order, is then

ty
(4.9) AJ ~ /t aall T (VRO 2y ) 1)1 I

Given that ag < 0, I'(t) > 0, and A(t) + R = 0, (4.9) is negative if there exists time ¢ in

[to, ts] such that pT (¢)h(t) #0 <= ws(t) # 0. Hence,

AJ <0

<= 3t € [ty ty] such that w,(t) = T'(t)w(t) # 0.

Therefore, given the update (4.5), the cost—approximated to first-order—is guaranteed to

decrease provided that there exists ¢ € [t,,t¢] such that a(t) # v(t). O

I note that Proposition 2 holds even when control inputs are scaled differently in time.
Fig. 4.1 shows valid cases of control distortion that remain a descent direction.

Compared to other first-order continuous policies and to the best of the authors’
knowledge, the scalability results of the control inputs shown in 2 guarantee descent over
a broader set of cases of control distortion. For example, work in [121] considers only

particular cases of the scalability results shown in Figure 4.1, that of control clipping. Their
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Figure 4.1. Cases of control scaling that remain valid descent directions for the
proposed needle-variation controller. The left figure shows control clipping, where
values are saturated at a specific threshold; the middle figure shows arbitrary
stretching to the saturation limits; the right figure shows proportional scaling
that maintains the same direction of the applied control. Control curves are a
function of time and arbitrarily shown for a 2-input system for easier visualization.
Simulation results in this chapter use control clipping.

method suggests dividing, based on a guess, the time horizon into regions of saturated
and unsaturated control inputs and updating actuation only for the latter regions. Work
in [122] provides a control clipping and proofs that the modified control update remains a
descent direction, however it also considers only a special case of the results shown here.
In particular, I am not aware of a method that considers the arbitrary scaling of the inputs
to the saturation limits, which would be a desired traits for applications capable only of

discrete actuation.

4.2. Connection to Gradient Descent

Steepest (or gradient) descent algorithm [123] is arguably the simplest and most

popular first-order trajectory optimization algorithm for general nonlinear optimal control
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problems. The update policy is given by
(4.10) w(t) = —Ru(t) — T (t)p(t).

Conjugate gradient descent [124], a first-order technique that provably outperforms
steepest descent in terms of convergence at comparable computational cost, is only the
conjugate variant of steepest descent. The only difference is the conjugate update, which
modifies the control update in (4.10) to ensure successive controls are conjugate with
respect to one another. In that sense, all algorithms can have their conjugate variant.
For the purposes of comparison, I relate the proposed algorithm to the gradient descent
policy (4.10); if the solutions match, then the conjugate variants of both methods will
also be identical. To that extent, by showing that NVC can, under certain parameter
choices, match steepest descent, the reader should also assume that NVC can also, under
the same choices and by using a conjugate update, also match the conjugate gradient
descent algorithm.

Next, I compare both variants of single-action control, SAC (4.3) and iSAC (4.4), to

gradient descent.

4.2.1. Relationship Between Gradient Descent and iSAC

In general, the solution of iISAC (4.5) is not equivalent to the gradient descent.

aa(A+R) " (hTp) =—Rv—h"p

agh"p=—(A+R)Rv— (A+ R)hp.
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To show the above relationship is not always true, consider A’ p = 0 such that
0 =— RRuv,

which is only satisfied if v = 0.

4.2.2. Relationship Between Gradient Descent and SAC

On the other hand, for specific g and R parameters, the SAC update policy (4.3) matches

the solution of the gradient descent.

Proposition 3. Consider control affine dynamics (8.21). If R = I and ag =

—(pThRuy, + p"hh™p + 1), then the update policies of (4.3) and (4.10) match.

PROOF. Setting the control updates of the proposed algorithm and the Gradient

Descent, shown in (4.3) and (4.10) respectively, equal to each other,

(A+ R)"Y(Rv—agh®p) =Rv+hTp

Rv—agh’p =(A+ R)(Rv+ hTﬂ),

where A = hTpp"h = 0 and A+ R > 0. I consider two cases: 1) hTp = 0 and 2) hTp # 0.
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Case 1. hTp =0.

If WT'p =0, then also A = 0 and the above equation becomes

Rv =R(Rwv)
(I — R)Rv =0
R=1

Note that, given R > 0, the solutions also match if v = 0, but that is not always the case,
especially when one iterates on previous control solutions.
Case 2. h'p #0.

Using R = I, then

v—aghTp=(A+1)(v+hTp)
R

0O=ppv+v+pp'p+p—v+amp
0=p(p v+p'p+1+ay)
ag=—(P'v+pip+1)

(4.11) ag = — (pThv + p ' hhTp+1)
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Alternatively, for v = 0, then

—aqp =(A+ R)(h"p)
=(pp" + R)p

=p’pp + Rp,

which, from inspection, has a solution g = —p? hh! p—~Z for R = I, wherey € RT. O

It is worth noting that a4, as given by (4.11), is not necessarily negative. Similarly,
it can easily be shown that the SAC solution (4.3) does not always generate a descent
direction, that is a negative AJ, as shown in (4.8).

Next, I prove that for oy given by (4.11), the policies shown in (4.5) and (4.10) always
match. Although this may seem trivial, a solution may not always exist. For example,
consider two vectors z and z. Even though a scalar ¢ = T‘%T algebraically satisfies the

equation x = cz, such a solution is infeasible if the vectors are not parallel to each other.

Proposition 4. Consider control affine dynamics (8.21). If R = I and ag =

—(p"hRvh + pThh™ p + 1), then the control policies of (4.5) and (4.10) match.

PROOF. Setting the update policies of the proposed algorithm and Gradient Descent

equal to each other,

(4.12) v—ogp =Av+v+Ap+p

0=A(v+p)+p+amp,



pipj

where
P
A=pp" =
PnP1

such that
p? oo pipal |vitp1
v2+p2

pip;

ppr - P2 | |vntpn

In the k™ row (where k € [1,n]),

P

P2

Pn

P1Pn

+Oéd

n
Dk sz'(vi+pi)+pk+adpk =0

i=1

n
aapr, = —pk(D_ pi(vi+pi)+1).

=1

D2

Pn
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If pr = 0, the above equation is always satisfied (for all k£ € [1,n]), regardless of ag. If

pr # 0, dividing both sides by py gives

(4.13) Qq = —sz‘(vrkpi)—l,

i=1
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which is independent of k and, thus, the same equation holds for all k£ € [1,n]. Thus, n
equations collapse to 1, the same as the number of unknowns (ag4). Therefore, (4.12) has
always a solution, shown in (4.13), and the policies of iISAC and Gradient Descent match

each other. O

iSAC
w = a4(A+R)*hTp

v =20
R=1
ag=-(p"hRv+p'hh'p+1)

Figure 4.2. Visual relationship between the control solutions of SAC, iSAC, and
Gradient Descent.
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4.3. Example Systems

In this section, I use the benchmark cart pendulum system to test NVC and compare
it both to trajectory optimization and single-action algorithms. I also use a 3-link biped
to demonstrate the performance of NVC on a more challenging system and its empirical
robustness against disturbances. The algorithmic steps are shown in Algorithm I and the

parameters used in the simulations are reported in Table 4.1.

4.3.1. Cart Pendulum

To compare performance across algorithms I use the cart pendulum system, which has
been a popular testbed for conventional controllers [24,125-127]. Dynamics are used as

in [128] and a state vector x = [z, @, 0, 0] is utilized.

Algorithm I Needle Variation Controller
Initialize k& € (0,1).
1: Simulate x(t) and p(t) in [to, to + T from fi
Compute J(v(t))
Compute w(t) given by (4.5)
Compute J(u(t)) and AJ
=0
while AJ > AJp,;n, do
k= kP
Update u(t) = v(t) + kw(t)
Saturate u(t)
Compute J(u(t))
B=05+1

. end while

e T
T

Fig. 4.3 illustrates a comparison in performance between single-action and continuous-
action needle variation controllers. Saturation limits of 5 N are imposed. These limits are

the same as in [2]|, where they are unable to assure convergence for all four states, and
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Figure 4.3. Performance of a single-action needle variation controllers and NVC
on the inversion task of a cart pendulum. NVC successfully inverts the pendulum
with saturation limits of 5 N, while single-action controls are reported to require
at least 15 N for the four-state system [2]. Given the time, NVC can invert
the pendulum with as low as 1N saturation limits. Note that the NVC solution
appears similar to a low-pass filtered single-action solution.

four times lower than those used in [3] to invert the pendulum with single-action control.
I further compare NVC to the iLQG controller with results shown in Fig. 4.4a.

I demonstrate the robustness of NVC through a Monte Carlo simulation over the initial
pendulum angle 6y as well as over the relative state weights in () and R matrices that

define the quadratic objective. Fig. 4.4b demonstrates that NVC converges in all 50 trials
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Figure 4.4. Fig. 4.4a compares NVC, single-action feedback, and two implemen-
tations of iLQG—one limited to one forward and backward pass per iteration
and one with unlimited passes per iteration. The latter provides the optimizer,
while the former can be thought of as providing a good enough solution. Fig.
4.4b shows a Monte Carlo simulation over the initial angle 6. NVC successfully
leads to inversion in 50 out of 50 trials with convergence times ranging from 4.7

to 10.1 seconds. For the same set of parameters and range of initial conditions,
single-action policies do not converge for any of the trials [3].

randomly sampled over [0,27]. Fig. 4.5 shows that NVC is robust to changes in the @
and R matrices within almost two orders of magnitude, while iLQG! does not converge as

reliably.

4.3.2. 3-link Biped

I use a 3-link model that consists of a torso and two identical legs without knees or ankles;
all links are rigid. The behavior of the system is described by the swing phase dynamics,
derived using the method of Lagrange [130] and the impact update on the states [131,132].
To handle impulses that occur at impact, I modify the adjoint variable using reset maps,

similar to [2]. Specifically, I simulate the adjoint variables using the same differential

1 implement iLQG using the code that is available here and is described in [129].


http://www.mathworks.com/matlabcentral/fileexchange/52069-ilqg-ddp-trajectory-optimization
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Figure 4.5. Comparison of NVC and iLQG performance over a range of cost
function formulations. Terminal cost at the end of a 15-second simulation was
interpolated over the range of Q sampled. For all simulations Q was defined as a
diagonal matrix with weights = 0 for all states except 6 and x., for which weights
are shown on the x- and y-axis, respectively. Note the robustness of NVC for a
range of task definitions.

Table 4.1. Parameter values for single-action control, iLQG, and NVC

Cart Pendulum Biped
z [wafCJeae] [0870m78t7xhip7yhip7087 0m70t7ihip7y.hip]
Q 2,0,3,0] - 104 [10, 350, 350, 0, 0,0, 0,0, 0, 0]
R [0.2] [0.1,0.1]
T 22s 1.0s
ty 15 s 10 s
ts 0.005 s 0.01 s
Umaz +[20] +[30, 30]

equation as (2.5) and utilize a reset map at time of impact to account for state jumps, as
outlined in Equation (40) in [2].
Parameters of the dynamic model can be found in [132]. The biped states are described

by @ = [0, Om, 0%, Thip, Ynip, 05, 0. Qt,x'hip, Unip|, where 05, 6,,, and 0p;, are the angles of
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the support leg, moving leg, and torso from the vertical, respectively; x;, and yp;, are the
Cartesian coordinates of the hip. As legs alternate between support and swing phase, 6
and 6,, swap upon impact. I illustrate the performance of NVC for this biped system in
Fig. 4.6. The target states are given by x4 = [7/8,7/8,7/18,0,0,1,1,0,0,0] and provide
the system with a command of driving the swing leg forward and maintaining a slightly
forward-leaning posture of the torso that is commonly observed in everyday walking.

As such, NVC enables the generation of a dynamic gait rather than tracking pre-
computed reference trajectories [133-136]. As seen in Fig. 4.6, NVC creates a quasi-
periodic gait without gait-specific constraints, such as touch-down or take-off angles
used by other controllers [137,138]. What is more, I do not initiate walking from
favorable configurations, contrary to other approaches [139,140] that either ignore gait
initiation or treat it separately. Lastly, I use the full dynamic model of the biped [141],
while other online controllers take advantage of simplified dynamics or linear model
approximations [142-144].

Fig. 4.7 demonstrates the algorithm’s robustness against disturbances, which are
introduced in the form of discontinuities in the angular velocity of the torso. Fig. 4.8
introduces forces on the torso for 0.02 s at various points throughout a gait cycle. The force
disturbances that the biped can recover from range between —32 N and 18 N depending
on the biped’s position in the cycle. This range, when scaled by the size of the biped
considered here (35 kg compared to 571 kg), corresponds to the tolerable range reported

in literature [145,146] for different controllers for kneed bipeds.
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4.4. Discussion

This study presents the Needle Variation Controller (NVC), a nonlinear feedback
method. The algorithm synthesizes its control response in ways similar to the needle
variation controllers shown in [2] and [147], but differs from these single-action policies in
that it utilizes the entire time horizon of control values at each iteration. The resulting
feedback of the proposed scheme guarantees descent, even in the presence of actuation
limits. NVC maintains the desirable traits of existing needle variation methods, namely a
large region of attraction, a closed-form expression, and computational efficiency.

Compared to popular feedback schemes, such as iLQG or DDP, the proposed method
uses only first-order information and is computationally faster, which makes it suitable
for online applications. Further, as the example of the biped model shows, the proposed
scheme lends itself to hybrid system applications without additional overhead associated
with switched dynamics and impacts. The controller design is not problem-specific, which
makes NVC an attractive controller for versatile robotic applications.

Finally, the robustness of the controller can become especially meaningful when dealing
with human-in-the-loop approaches, where safety is of utmost importance. It is also critical
in applications such as rehabilitation equipment, exoskeletons, and other assistive devices
that require low failure rates in the presence of unanticipated system inputs or changes in

the environment.
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Figure 4.6. Forward locomotion of a planar biped using a continuous-action needle
variation controller. Note that the NVC-controlled biped is able to perform gait
initialization and establish a quasi-periodic gait pattern. Fig. 4.6a shows the
walking pattern of the biped. Fig. 4.6b shows phase plots of the legs and torso
angles; the upper plots correspond to the gait initiation (first five seconds); the
lower plots correspond to the simulation from ¢t = 10 s until the end of the five-
minute walk. The imperfect gait cycle can allude to a certain level of robustness
with respect to deviations from a nominal gait phase.
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Figure 4.7. Gait recovery from disturbances on the torso angular velocity. The
figure shows the phase plane related with the torso angle given disturbances of
—0.15 rad/s applied every 8 seconds over a 30-second simulation. The introduced
disturbance discontinuities are marked with a solid black line. The trajectory
in-between disturbances changes linearly with time from red to green color. As
a result, the green trajectory is the converging gait cycle and the red indicates
deviations present immediately after the disturbances.
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Figure 4.8. Gait recovery from external forces applied on the torso for 0.02 s
at various times of a full gait cycle. The shaded regions indicate the maximum
magnitude of positive (blue) and negative (orange) forces tolerated by the biped
without losing balance. The legend bar in the figure indicates the magnitude scale
of the forces.
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CHAPTER 5

Second-Order SAC with Controllability-Based Convergence

Guarantees

This chapter derives nonlinear feedback control synthesis for general control affine
systems using second-order actions—the second-order needle variations of optimal control—
as the basis for choosing each control response to the current state. A second result of the
chapter is that the method provably exploits the nonlinear controllability of a system by
virtue of an explicit dependence of the second-order needle variation on the Lie bracket
between vector fields. As a result, each control decision necessarily decreases the objective
when the system is nonlinearly controllable using first-order Lie brackets. Simulation results
using a differential drive cart, an underactuated kinematic vehicle in three dimensions, and
an underactuated dynamic model of an underwater vehicle demonstrate that the method
finds control solutions when the first-order analysis is singular. Lastly, the underactuated
dynamic underwater vehicle model demonstrates convergence even in the presence of a

velocity field.

5.1. Dependence of Needle Variation Controls on Nonlinear Controllability

In this section, I relate the controllability of systems to first- and second-order needle
variation actions. After presenting the MIH expression, I relate the MIH to the Lie bracket
terms between vector fields. Using this connection, I tie the descent property of needle

variation actions to the controllability of a system and prove that second-order needle
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variation controls can produce control solutions for a wider set of the configuration state
space than first-order needle variation methods. As a result, I am able to constructively
compute, via an analytic solution, control formulas that are guaranteed to provide descent,
provided that the system is controllable with first-order Lie brackets. Generalization
to higher-order Lie brackets appears to have the same structure, but that analysis is

postponed to future work.

5.1.1. Second-Order Mode Insertion Gradient

Needle variation methods in optimal control have served as the basic tool in proving the
Pontryagin’s Maximum Principle [148-150]. Using piecewise dynamics, they introduce
infinitesimal perturbations in control that change the default trajectory and objective
(see Fig. 2.1). Such dynamics are typically used in optimal control of hybrid systems to
optimize the schedule of a-priori known modes [108,151].

Here, instead, I consider dynamics of a single switch to obtain a new control mode u
at every time step that will optimally perturb the trajectory [2]. The feedback algorithm
presented in [2], however, only considers the first-order sensitivity of the cost function to a
needle action and, as a result, often fails to provide solutions for controllable underactuated
systems. By augmenting the algorithm with higher order information (via the MIH), I am
able to provide solutions in cases when the first-order needle variation algorithm in [2] is
singular.

Consider control-affine dynamics (8.21), a time period [t,,ts] and control modes

described by (2.2).
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The derivation of the mode insertion Hessian is similar to [152] and is presented in the
Appendix. For dynamics that do not depend on the control duration, the mode insertion
Hessian (MIH)! is given by

d2J

1) —

= (fo—)TQ(fo— 1) 49" (D fo- fot+Defr-fr—=2Ds f1-f2) = Dala-(f2— f1),

where Q) : R — RM*¥ s the second-order adjoint state, which is calculated from the
default trajectory and is given by
. T N .
(5.2) O=-D,.1TQ-QD, f1—D2, - piD2 i
i=1

subject to: Q(t;) = D2m(z(ty))".

The superscript i in the dynamics f; refers to the i element of the vector.

5.1.2. Dependence of Second Order Needle Variations on Lie Bracket Struc-

ture
The Lie bracket of two vectors f(z), and g(z) is

£.010) = 52 1(0) = 2L o),

p this work, I consider the second-order sensitivity with respect to an action centered at one single
application time 7. It is also possible to consider the second-order sensitivity with respect to two application
times 7; and 7; in the same iteration. Assuming that the entire control curve is a descent direction over
the time horizon for second-order needle variation solutions, as I have proved is the case for first-order
needle variation methods, multiple second-order needle actions at different application times would still
decrease the objective. On the other hand, searching for two application times would slow down the
algorithm and was not preferred in this work.
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which generates a control vector that points in the direction of the net infinitesimal change
in state x created by infinitesimal noncommutative flow qb{ o@do ¢€—f o ¢, 9 0xp, where
¢! is the flow along a vector field f for time € [15,153]. Lie brackets are most commonly
used for their connection to controllability [154,155], but here they will show up in the
expression describing the second-order needle variation.

I relate second-order needle variation actions to Lie brackets in order to connect the
existence of descent-providing controls to the nonlinear controllability of a system. Let
hi : R — RY*! denote the column control vectors that make up A : R — R¥*M in (8.21)

and u; € R be the individual control inputs. Then, I can express dynamics as
M
f=g+>_ hiu;.
i

and, for default control v = 0, I can re-write the MIH as

d2 M M M M
j=1

=1 =1 =1

M
—Dxll Z hiui.
1=1

Splitting the sum expression into diagonal (: = j) and off-diagonal (7 # j) elements, and
by adding and subtracting 2 > M Z L (Dzhiug) (hjuj), T can write

M i— M i—1

M M M
> Dyhiu; > hiu; = ZZ hi, hjluiui+2> > (Dyhgui) (hjui)+ Y- (Dghiug) (hiuy).
=1 =1

j=1 i j=1 i=j=1
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Then, I can express the MIH as

d2
d)\2 ZZulujh Qh;
i=1j=1
M i—-1 M i—-1
(Z > Ry hiluiui+2 3" S (Dyhi)hyj uzuj-i-z (Dghi) huzuz—l-z g, h )
1=2j5=1 1=2j5=1
—Dxl(z hzuz)
=1

The expression contains Lie bracket terms of the control vectors that appear in the
system dynamics, indicating that second-order needle variations incorporate higher-order
nonlinearities. By associating the MIH to Lie brackets, I next prove that second-order
needle variation actions can guarantee decrease of the objective for systems that are

controllable with first-order Lie brackets.

5.1.3. Existence of Control Solutions with First- and Second-Order Mode In-

sertion Gradients

In this subsection, I prove that the first two orders of the mode insertion gradient can
be used to guarantee controls that reduce objectives of the form (2.3) for systems that
are controllable with first-order Lie brackets. The analysis is applicable to optimization

problems that satisfy the following assumptions.

Assumption 4. The vector elements of dynamics fi and fo are real, bounded, C? in

z, and C° in u and t.

Assumption 5. The incremental cost Iy (x) is real, bounded, and C* in x. The terminal

cost m(x(ty)) is real and twice differentiable with respect to z(ty).
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Assumption 6. Default and inserted controls v and u are real, bounded, and C° in t.

Under Assumptions 4-6, the MIG and MIH expressions exist and are unique. Then,
as I show next, there are control actions that can improve any objective as long as there

exists t € [to,tf] for which x(t) # z*(¢).

Definition 2. A trajectory x* described by a pair (x*,u*) is the global minimizer of

the objective function J(x*(t)) for which J(x*(t)) < J(x(t)) V ().

Given Definition 1, a trajectory z* described by a pair (z*,u*) is the global minimizer
of the cost function in the unconstrained sense (not subject to the dynamics of the system)

and satisfies D, J(2*(t)) = 0 throughout the time horizon considered.

Assumption 7. The pair (x*,u*) describes the only trajectory x* for which the

unconstrained derivative of the objective is equal to zero (i.e., DyJ(x*(t)) = 0V t €

[to,tr])-

Assumption 4 is necessary to prove that the first-order adjoint is non-zero, which is a
requirement for the controllability results shown in this work. It assumes that the objective
function in the unconstrained sense does not have a maximizer or saddle point and has
only one minimizer z* described by (z*,u*) that indicates the target trajectory or location.
It is an assumption that, among other choices, can be easily satisfied with a quadratic

cost function that even includes penalty functions associated with physical obstacles.

Proposition 5. Consider a pair (z,v) that describes the state and default control of

(8.21). If (x,v) # (x*,v*), then the first-order adjoint p is a non-zero vector.
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ProoF. Using (2.3), and by Assumption 4,

v # "= Dy J(x(t)) # 0
_ /ttf Dy (x(t))dt+ Dym((ts)) # 0
- /ttf Duli(a(t))dt # 0 OR Dym(a(ty)) # 0
= Duh(a(t) # 0 OR Dym(a(ty)) # 0

= p # 0OR pliy) # 0
Therefore, if # # 2*, then 3t € [t,,tf] such that p # 0. a

Proposition 6. Consider dynamics given by (8.21) and a trajectory described by state
and control (z,v). Then, there are always control solutions u € RM such that % <0 for

some t € [to,tf].

PROOF. Using dynamics of the form in (8.21), the expression of the mode insertion

gradient can be written as

dJ

oy = Pemh) = o (hu=)).

Given controls u and v that generate a positive mode insertion gradient, there always exist
control u' such that the mode insertion gradient is negative, i.e. v'—v = —(u—wv). The
mode insertion gradient is zero for all u € RM if the costate vector is orthogonal to each

control vector h; or if the costate vector is zero everywhere.? [

2If the control vectors span the state space R, the costate vector p € RN cannot be orthogonal to each
of them. Therefore, for first-order controllable (fully actuated) systems, there always exist controls for
which the cost can be reduced to first order.
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Proposition 7. Consider dynamics given by (8.21) and a pair of state and control
(x,v) # (z*,v*) for which dcf\% = 0Vu € RM and V t € [t,,tf]. Then, the first-order

adjoint p is orthogonal (under the Euclidean inner product) to all control vectors h;.

PROOF. I rewrite (2.4) as

dJ

M
——=0=p" Y hi(ui—v;) =0
s Z.

M
:>Zkiwi :O‘v’wi,

where w; = (u;—v;) and k; = pThi € R. The linear combination of the elements of k is
zero for any w;, which means k must be the zero vector. By Proposition 5, p # 0 for
a trajectory described by a pair of state and control (x,u) # (*,u*) and, as a result,

pThi =0V iec[l,M]. O

Proposition 8. Consider dynamics given by (8.21) and a pair of state and control
(x,v) # (x*,0v*) for which Cg\—‘i =0VueRM andV t € [t,,ts]. Further assume that
the control vectors h; and the Lie Bracket terms [hi, h;| and [g, hi] —where i, j € [1, M]—

span the state space RY. Then, there exist i and j such that either pT [hi, hj] # 0 or

PROOF. Let S = {h, [hi, hjl, [g9, hi]} V 4,7 € [1, M] be a set of vectors that span the
state space RY (span{S} = R¥). Then, any vector in R can be written as a linear
combination of the vectors in S. The first-order adjoint is an N-dimensional vector, which

is non-zero for a trajectory described by a pair of state and control (x,u) # (*,u*) by
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Proposition 5. Therefore, it can be expressed as

M i—1
(53) P = Clh1+ +CMhM+ZZCZ] hhh +Z //[gvh]a
1=2j=1 =1

where ¢;, ¢}, ¢/ € R. Left-multiplying (5.3) by p! yields
M i—1

plp= Zczp hit>2 > & o' [hishy +Zc” g

1=2j=1

Given that % = 0, and by Proposition 7, p is orthogonal to all control vectors h; (which

also implies that the control vectors h; do not span RV ), the above equation simplifies to

M 1—1

plp= 33" ¢ p" [hi hy] +ZC”pT[g,h]

1=2j5=1

Because pT'p # 0, there exists 4,5 € [1, M] and a Lie bracket term [h;, h;], or [g, h;] that

is not orthogonal to the costate p. That is,
34,5 € [1, M] such that p” [h;, hj] # 0 OR p' [g, hy].
[

First-order needle variation methods are singular when the mode insertion gradient is
zero. When that is true, the next result—that is the main piece required for the main
theoretical result of this section in Theorem 1-—demonstrates that the second-order mode
insertion gradient is guaranteed to be negative for systems that are controllable with
first-order Lie Brackets, which in turn implies that a control solution can be found with

second-order needle variation methods.
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Proposition 9. Consider dynamics given by (8.21) and a trajectory described by state
and control (z,v) # (x*,v*) for which dﬁ% = 0 for allu € RM and t € [to,ts]. If the

control vectors h; and the Lie brackets [h;, h;] and [g, h;] span the state space (RY ), then

d>J

there always exist control solutions u € RM such that o <0.
+

PROOF. See Appendix. [

Theorem 1. Consider dynamics given by (8.21) and a trajectory described by state
and control (x,v) # (x*,v*). If the control vectors h; and the Lie brackets [hi, h;] and
[9, hi] span the state space (R™), then there always exists a control vector u € RM and a

duration \ such that the cost function (2.3) can be reduced.

PROOF. The local change of the cost function (2.3) due to inserted control u of duration

A can be approximated with a Taylor series expansion

dJ N2 d*J
JAN)=JO0) m Ao+ ———~.
(N)=J(0) d)\++ 2 d\2
By Propositions 6 and 9, either 1) % < 0 or 2) % = 0 and f\—z‘] < 0. Therefore, there
+
always exist controls that reduce the cost function (2.3) to first or second order. U

5.2. Control Synthesis Based on Second-Order Needle Variations

In this section, I present an analytical solution of first- and second-order needle variation
controls that reduce the cost function (2.3) to second order. I then describe the algorithmic

steps of the feedback scheme used in the simulation results in Section 5.3.
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5.2.1. Analytical Solution for Second Order Actions

For underactuated systems, there are states at which p is orthogonal to the control vectors
hi (see Proposition 7). At these states, control calculations based only on first-order
sensitivities fail, while controls based on second-order information still have the potential
to decrease the objective provided that the control vectors and their Lie brackets span
the state space (see Theorem 1). I use this property to compute an analytical synthesis
method that expands the set of states for which individual actions that guarantee descent
of an objective function can be computed.

Consider the Taylor series expansion of the cost around control duration A. Given the
expressions of the first- and second-order mode insertion gradients, I can write the cost
function (2.3) as a Taylor series expansion around the infinitesimal duration A of inserted

control wu:

dJ N d?J
4 R — .
(5.4) J(N) J(O)+)\d/\++ 2 D2

The first- and second-order mode insertion gradients used in the expression are functions
of the inserted control u in (8.21). Equation (5.4) is quadratic in u and, for a fixed A, has
a unique solution which is used to update the control actions. Controls that minimize the

Taylor expansion of the cost will have the form

. | 4 N &2J 1, .,
(5.5) u*(t) = argmin J(O)+AK+?E+§IIUHR,
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where the MIH has both linear and quadratic terms in u. I compute the minimizer of (5.5)

to be

A2 A2

(5.6) ut(t) =[5 r+R]™ [5 A+A(= hp)l,

where A : R — RM>*1 and T': R — RM*M are respectively the first- and second-order
derivatives of d2J/d\% with respect to the control u (see Appendix). These quantities

are given by

AL HhT(QT—I—Q>h+2hT S (Dah)pi) o+ (Dageh)* Z (Dahi)p) g+ KT DolT
k=1 k=1
n n
r [hT(QT+Q)h+hT Z (Dyhi)pr) " Z k) pi-hl.

The parameter R, a positive definite matrix, denotes a metric on control effort.

The existence of control solutions in (5.6) depends on the inversion of the Hessian
H = %QT—FR. To practically ensure H is positive definite, I implement a spectral
decomposition on the Hessian H = VDV ™! where matrices V and D contain the
eigenvectors and eigenvalues of H, respectively. I replace all elements of the diagonal
matrix D that are smaller than e with € to obtain D and replace H with H = VDV !
(5.6). I prefer the spectral decomposition approach to the Levenberg-Marquardt method
(H = H+kI = 0), because the latter affects all eigenvalues of the Hessian and further
distorts the second-order information. At saddle points, I set the control equal to the
eigenvector of H that corresponds to the most negative eigenvalue in order to descend

along the direction of most negative curvature [156-159].
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Synthesis based on (5.6) provides controls at time ¢ that guarantee to reduce the cost
function (2.3) for systems that are controllable using first-order Lie brackets. Control
solutions are computed by forward simulating the state over a time horizon 7" and backward
simulating the first- and second-order costates p and (). As is shown next, this leads to a
very natural, and easily implementable, algorithm for applying cost-based feedback while

avoiding iterative trajectory optimization.

5.2.2. Algorithmic Description of Control Synthesis Method

Algorithm I

1. Simulate states and costates with default dynamics f; over a time horizon T’
2. Compute optimal needle variation controls
3. Saturate controls

4. Use a line search to find control duration that ensures reduction of the cost function
(2.3)3

The second-order controls in (5.6) are implemented in a series of steps shown in
Algorithm I and visualized in Fig. 5.1. I compare first- and second-order needle variation
actions by implementing different controls in Step 2 of Algorithm I. For the first-order case,
I implement controls that are the solution to a minimization problem of the first-order

sensitivity of the cost function (2.3) and the control effort

% . 1,dJ; 9 1 9
u*(t) =min i(w—ad) +5llullz
(5.7) =(A+R")H(Av+hT pay),

where A £ AT ppTh and oy € R~ expresses the desired value of the mode insertion gradient

term (see, for example, [65]). Typically, ag = ~J,, where J, is the cost function (2.3)
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/—/—\V(‘) Use default control

Simulate state and co-states

\/\u(t) Calculate control response
\/—\J(t) Apply saturation limits

Determine control duration
/v(t)

| : |

to T tf

Figure 5.1. The steps of the controller outlined by Algorithm I. Using the default
control, the states and co-states are forward-simulated for the time horizon
[to, to+T]. The optimal control response is computed from (5.6), and saturated
appropriately. At the end, the algorithm determines the finite duration of the
inserted single action, evaluated at an application time 7, with a line search.

computed using default dynamics f;. For second-order needle variation actions, I compute
controls using (5.6). As Fig. 5.1 indicates, the applied actuation is the saturated value of
the control response of either (5.6) or (5.7), evaluated at the application time 7.

While not shown here, [2] proves that the first-order needle variation control solutions
(5.7) remain a descent direction after saturation. I extend this result to show that the
entire control signal over the time horizon, and not a needle action, remains a descent
direction when saturated by an arbitrary amount. While I have not yet formally proved

a similar property for the second-order needle variation controls (11), one can test and
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identify if the saturated controls would decrease the cost function before applying any
actuation. In addition, the results of this work rely on the sign and not the magnitude of
the control solutions, suggesting that the saturated second-order solutions in (5.6) also
provide a descent direction.

Further, needle variation actuation as shown in Fig. 5.1 may be practically infeasible
or at least problematic for motors due to the abrupt changes in the control. There are
two remedies to this issue. First, introducing additional filter states associated with the
control can constraint the changes in actuation [51]. Second, one can show that the entire
curve of the first-order needle variation solution is a descent direction. Assuming the same
is true for the second-order solutions as well, one could either apply part of the continuous
control solution around the time of application 7 or filter the discontinuous actuation in

hardware and still provide descent with more motor-friendly actuation.

5.2.3. Comparison to Alternative Optimization Approaches

Algorithm I differs from controllers that compute control sequences over the entire time
horizon in order to locally minimize the cost function. Rather, the proposed scheme utilizes
the time-evolving sensitivity of the objective to an infinitesimal switch from v to v and
searches a one-dimensional space for a finite duration of a single action that will optimally
improve the cost. It does so using a closed-form expression and, as a result, avoids the
expensive iterative computational search in high-dimensional spaces, while it may still get
closer to the optimizer with one iterate.

Specifically, in terms of computational effort, Algorithm I computes two nx1 (state

(8.21) and first-order adjoint (2.5) variables) and one nxn (second-order adjoint (5.2))
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differential equations and searches. All simulations presented in this chapter are able to
run in real time, including the final 13-dimensional system. However, real-time execution
is not guaranteed for higher dimensional systems. Nevertheless, the presented algorithm
runs faster than the iLQG method for the simulations considered here.

Further, compared to traditional optimization algorithms such as iLQG, needle variation
solutions exist globally, demonstrate a larger region of attraction and have a less complicated
representation on Lie Groups [51]. These traits naturally transfer to second-order needle
controls (5.6) that also contain the first-order information present in (5.7). In addition,
as this chapter demonstrates, the suggested second-order needle variation controller has
formal guarantees of descent for systems that are controllable with first-order Lie brackets,
which—to the best of my knowledge—is not provided by any alternative method.

Given these benefits, the authors propose second-order needle variation actions as a
complement to existing approaches for time-sensitive robotic applications that may be
subject to large initial error, Euler angle singularities, or fast-evolving (and uncertain)
objectives.

Next, I implement Algorithm I using first or second-order needle variation controls
(shown in (5.7) and (5.6), respectively) to compare them in terms of convergence success

on various underactuated systems.

5.3. Simulation Results

The proposed synthesis method based on (5.6) is implemented on three underactuated
examples—the differential drive cart, a 3D kinematic rigid body, and a dynamic model

of an underwater vehicle. The kinematic systems of a 2D differential drive and a 3D
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Figure 5.2. Differential drive using first-, second-order needle variation actions,
iLQG, and DDP, from top to bottom. Snapshots of the system are shown
at t = 0,2.5,5,7.5,10, and 12.5 sec. The target state is [z4,yq,0q] =
[1000 mm, 1000 mm, 0].
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Figure 5.3. Fig. 5.3a plots the running state cost; Fig. 5.3b plots the integrated
(cumulative) cost, including the control cost. DDP and iLQG obtain the same
cumulative cost, with slightly different trajectories (see Fig. 5.2). Second-order
needle variation actions demonstrate improved convergence to the target over
DDP and iLQG, despite optimizing over one single action at each iteration.
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rigid body are controllable using first-order Lie brackets of the vector fields and help
demonstrate Theorem 1. The underactuated dynamic model of a 3D rigid body serves
to compare controls in (5.6) and (5.7), as well as make comparisons to other control
techniques, in a more sophisticated environment. In all simulation results, I start with

default control v = 0 and an objective function of the form

tf -
=5 [ IO -7+ ) ~Fale )

where Z, is the desired state-trajectory, and Q = QT > 0, P, = PlT > 0 are metrics on

state error.

5.3.1. 2D Kinematic Differential Drive

I use the differential drive system to demonstrate that first-order controls shown in (5.7)
that are based only on the first-order sensitivity of the cost function (2.3) can be insufficient
for controllable systems, contrary to controls shown in (5.6) that guarantee decrease of the
objective for systems that are controllable using first-order Lie brackets (see Theorem 1).

The system states are its coordinates and orientation, given by s = [z,y,0]7, with

kinematic (¢ = 0) dynamics

cos(0) cos(0)

UR
f=rlsin(0) sin() ;
PO
L L
where r = 3.6 cm, L = 25.8 cm denote the wheel radius and the distance between

them, and up, uy, are the right and left wheel control angular velocities, respectively (these
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parameter values match the specifications of the iRobot Roomba). The control vectors hq,
hy and their Lie bracket term [hy, ha] = 2% {—sm(é’), —cos(Q)]T span the state space
(R3). Therefore, from Theorem 1, there always exist controls that reduce the cost to first
or second order.

Fig. 5.2 and 5.3 demonstrate how first-, second-order needle variations, iLQG, and
DDP [13,129] perform on reaching a nearby target. I implement the iLQG and DDP
algorithms to generate offline trajectory optimization solutions using the publicly available
software.* Actions based on first-order needle variations (5.7) do not generate solutions
that turn the vehicle, but rather drive it straight until the orthogonal displacement between
the system and the target location is minimized. Actions based on second-order needle
variations (5.6), on the other hand, converge successfully. The solutions differ from the
trajectories computed by iLQG and DDP, despite using the same simulation parameters.

I note the fact that, besides the computational benefits, single-action approaches appear
to be rich in information and perform comparably to offline schemes that attempt to
minimize the objective by computing different control responses over the entire horizon.
Given that the solutions of iLQG and DDP are very similar, and the fact that DDP is
slower than iLQG due to expanding the dynamics to second order, I use only the iLQG
algorithm as a means of comparison for the rest of the simulations presented in this work.
The results in Fig. 5.2 based on second-order needle variations are generated in real time
in MATLAB and approximately forty times faster than the iLQG implementation.

Fig. 5.4 shows a Monte Carlo simulation that compares convergence success using
first- and second-order needle variations controls shown in (5.7) and (5.6), respectively,

4 Available at http://www.mathworks.com/matlabcentral
fileexchange/52069-ilqg-ddp-trajectory-optimization.
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Figure 5.4. Convergence success rates of first- (5.7) and second-order (5.6) needle

variation controls for the kinematic differential drive model. Simulation runs:
1000.

and iLQG. I sampled over initial coordinates zg, yp € [—1500, 1500] mm using a uniform
distribution and keeping only samples for which the initial distance from the origin exceeded
L/5; 0y = 0 for all samples. Successful samples are defined by being within L/5 from
the origin with an angle # < 7/12 within 60 seconds using feedback sampling rate of 4
Hz. Results are generated using @ = diag(10,10,1000), P, = diag(0,0,0), T = 0.5 s,
R = diag(100,100) for (5.7), R = diag(0.1,0.1) for (5.6), v = —15, A = 0.1
and saturation limits on the angular velocities of each wheel £150/36 mm/s for each
control approach.® As shown in Fig. 5.4, the system always converges to the target using

second-order needle variation actions, matching the theory.

5The metric on control effort is necessarily smaller for (5.6), due to parameter A\. The parameter is chosen
carefully to ensure that control solutions from (5.6) and (5.7) are comparable in magnitude.
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5.3.2. 3D Kinematic Rigid Body

The underactuated kinematic rigid body is a three dimensional example of a system that
is controllable with first-order Lie brackets. To avoid singularities in the state space,
the orientation of the system is expressed in quaternions [160,161]. The states are
s = lz,9,2,9,q,q,q3], where b = [z,y,z] are the world-frame coordinates and
]T

¢ = [q0,q1,q2,q3] are unit quaternions. Dynamics f = [b,¢]? are given by

(5.8) b= Ryv,
—q1 —q2 —g3
. 1] 9 —gs3 qz
g3 q —Q
|92 @1 90|

where v and w are the body frame linear and angular velocities, respectively [162]. The

rotation matrix for quaternions is

B+E—a—-a3  2(ae—qa) 2(q1g3+q9092)
Ry = 2(qe+qoas) @—ai+a3—a3 2(ea—qq)

2(1g3—qoq2)  2(@2q3+q0q1) @—q1*—d3+4d3

The system is kinematic: v = F and w = T, where F' = (F}, Fy, F3) and

T = (T1,T»,T3) describe respectively the surge, sway, and heave input forces, and the
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roll, pitch, and yaw input torques. I render the rigid body underactuated by removing the
sway and yaw control authorities (Fo = T3 = 0).

The four control vectors span a four-dimensional space. First-order Lie bracket terms
add two more dimensions to span the state space (R®) (the fact that there are seven states
in the model of the system is an artifact of the quaternion representation; it does not
affect controllability).

The vectors hi, ha, and [hg, hs] span R? associated with the world frame coordinates
#,9, and 2. Similarly, vectors hs, hy, and [hy, h3] span R? associated with the orientation.
Thereby, control vectors and their first-order Lie brackets span the state space and, from
Theorem 1, optimal actions shown in (5.6) will always reduce the cost function (2.3).

To verify this prediction, I present the convergence success of the system on 3D motion.
Using Monte Carlo sampling with uniform distribution, initial locations are randomly gener-
ated such that xg, yo, z0 € [—50,50] cm keeping only samples for which the initial distance
from the origin exceeded 6 cm. I regard as a convergence success each trial in which the
rigid body is within 6 cm to the origin by the end of 60 seconds at any orientation. Results
are generated at a sampling rate of 20 Hz using @ = 0, P, = diag(100, 200, 100,0,0,0,0),
T = 10s,v = —50000, A = 1073, R = 10 %diag(1,1,100,100) for (5.6), and
R = diag(10, 10,1000, 1000) for controls in (5.7). Controls are saturated at £10 cm/s
for the linear velocities and +10 rad/s for the angular ones. Using 280 simulations over
24 seconds, 80% satisfy the success criterion within 12 seconds and 100% of trajectories
satisfy the success criterion within 20 seconds. None of the simulations converge for the
first-order needle variation controls, because they cannot displace the system in the §

direction.
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5.3.3. Underactuated Dynamic 3D Fish

I represent the three dimensional rigid body with states s = [b, ¢, v, w]T, where
b = [z,y,z] are the world-frame coordinates, ¢ = [qo, q1, g2, g3] are the quaternions that
describe the world-frame orientation, and v = [vy, vy, v.] and w = [w,, wy,w,] are the

body-frame linear and angular velocities. The rigid body dynamics are given by b and ¢

shown in (5.8) and (5.9) and

Mi = Muxw+F,

Juw = Jwxw+T,

where the (experimentally determined) effective mass and moment of inertia of the rigid
body are given by M = diag(6.04,17.31,8.39) g and J = diag(1.57,27.78,54.11) g-cm?,
respectively. This example is inspired by work in [1,65] and the parameters used for the
effective mass and moment of inertia of a rigid body correspond to measurements of a fish.
The control inputs are F, = T3 = 0 and F5 > 0.

The control vectors only span a four-dimensional space and, since they are state-
independent, their Lie brackets are zero vectors. However, the Lie brackets containing
the drift vector field g (that also appear in the MIH expression) add from one to four
(depending on the states) independent vectors such that control solutions in (5.6) guarantee
decrease of the cost function (2.3) for a wider set of states than controls in (5.7).

Simulation results based on Monte Carlo sampling are shown in Fig. 5.5. Initial
coordinates g, Yo, zo are generated using a uniform distribution in [—100, 100] c¢m, dis-

carding samples for which the initial distance to the origin is less than 15 cm. Successful
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Figure 5.6. Snapshots of a parallel displacement maneuver using an underactuated
dynamic vehicle model with second-order controls given by (5.6); first-order
solutions (5.7) are singular throughout the simulation. Animation of these results
is available in Extension 3.
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Figure 5.7. Tracking performance of the same system in the presence of +10 cm/s
9 fluid drift. The yellow system corresponds to first-order needle variation actions;
the red one to second order. The target trajectory (red ball) is indicated with
white traces over a 10-second simulation. Fig. 5.7b shows the error distance
as a function of time, clearly demonstrating the advantage of the second-order
approach. Animation of these results is available in Extension 4.

trials are the ones for which, within a simulation window of 60 seconds, the system
approached within 5 ¢cm to the origin (at any orientation) and whose magnitude of
the linear velocities is, at the same time, less than 5 cm/s. Results are generated at
a sampling rate of 20 Hz using T=1.5 s, P;=0, Q=x5diag(103,10%,10%,0,0,0,0,1,1,1,2-
10%,103,10%), y=—>5, R=diag(10%,10%,105,10°) for (5.7), R=21diag(105,1076,1073,1073)
for (5.6), and A = 10~*. The same control saturations (F; € [—1,1]mN, F3 € [0,1] mN,
Ty € [-0.1,0.1] uN-m, and T5 € [—0.1,0.1] uN-m) are used for all simulations of the dy-
namic 3D fish. As shown in Fig. 5.5, controls computed using second-order needle
variations converge faster than those based on first-order needle variations, and 97% of

trials converge within 60 seconds.
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Both methods converge over time to the desired location; as the dynamic model of
the rigid body tumbles around and its orientation changes, possible descent directions of
the cost function (2.3) change and the control is able to push the system to the target.
Controls for the first-order needle variation case (5.7) are singular for a wider set of states
than second-order needle variation controls (5.6) and, for this reason, they benefit more
from tumbling. In a 3D parallel maneuver task, only second-order variation controls (5.6)
manage to provide control solutions through successive heave and roll inputs, whereas
controls based on first-order sensitivities (5.7) fail (see Fig. 5.6).

As controls in (5.6) are non-singular for a wider subset of the configuration state
space than the first-order solutions in (5.7), they will provide more actions over a
period of time and keep the system closer to a time-varying target. Fig. 5.7a
demonstrates the superior trajectory tracking behavior of controls based on (5.6) in
the presence of +10 cm/s § fluid drift. The trajectory of the target is given by
[, y, 2]=[cos(3L) (20+10cos(%)), sin(2L) (20+ 10 cos(£)), 10sin(E)], with T=2 s, A=0.01,
v=-50000, Q=diag(10,10,10,0,0,0,0,0,0,0,1,1,0.1), P,=diag(10,10,10,0,0,0,0,0,0,0,0,0,0),
R=diag(103,103,105,10%) for (5.7), and R=diag(10,10,10%,10%) for (5.6). The simulation
runs in real time using a C++ implementation on a laptop with Intel® Core™ i5-6300HQ
CPU @2.30GHz and 8GB RAM.

The drift is known for both first- and second-order systems and accounted for in
their dynamics in the form of b = b+ bgyife, Where bqyige is a vector that points in the
direction of the fluid flow. Simulation results demonstrate superior tracking of second-order
needle variation controls that manage to stay with the target, whereas the system that

corresponds to first-order needle variation controls is being drifted away by the flow.
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I also tested convergence success of the +10 cm/s § drift case. Initial conditions z,y, 2
are sampled uniformly from a 30 cm radius from the origin, discarding samples for which
the initial distance is less than 5 cm. I consider samples to be successful if, during 60
seconds of simulation, they approached the origin within 5 cm. Out of 500 samples, controls
based on second-order variations converged 91% of the time (with average convergence time
of 5.87 s), compared to 89% for first-order actions (with average convergence time of 9.3 s).
Simulation parameters are T'=1 s, y=—25000, Q:10*3diag(10,10,10,0,0,0,0,1,1,1,1,1,1),
Py=diag(100,100,100,0,0,0,0.1,3,3.,0,0,0), A=10"%, R=diag(0.1,0.1,10%,10%) for (5.7), and

R=3diag(1075,1075,1,1) for (5.6).

5.4. Discussion

This chapter presents a needle variation control synthesis method for nonlinearly
controllable systems that can be expressed in control affine form. Control solutions
provably exploit the nonlinear controllability of a system and, contrary to other nonlinear
feedback schemes, have formal guarantees with respect to decreasing the objective. By
optimally perturbing the system with needle actions, the proposed algorithm avoids the
expensive iterative computation of controls over the entire horizon that other NMPC
methods use and is able to run in real time for the systems considered here.

Simulation results on three underactuated systems compare first-order needle variation
controls, second-order needle variation controls, and iLQG controls and demonstrate the
superior convergence success rate of the proposed feedback synthesis. Because second-order
needle variation actions are non-singular for a wider set of the state space than controls

based on first-order sensitivity, they are also more suitable for time-evolving objectives, as
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demonstrated by the trajectory tracking examples in this chapter. Second order needle
variation controls are also calculated at little computational cost and preserve control
effort. These traits, demonstrated in the simulation examples of this chapter, render
feedback synthesis based on second- and higher-order needle variation methods a promising

alternative feedback scheme for underactuated and nonlinearly controllable systems.
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CHAPTER 6

Real-Time Obstacle Avoidance with Second-Order SAC

This chapter exploits the controllability-based guarantees for convergence presented
in Chapter 5 to achieve collision-avoidance. By accounting for obstacles in the objective,
second-order SAC provably guarantees that the agent reaches the target in a collision-free
manner in the presence of obstacles without relying on predefined trajectories. Using
systems that are controllable with first-order Lie brackets, this chapters demonstrates that
the proposed controller finds collision-free solutions in the presence of both static and

moving obstacles.

6.1. Motion Planning for Controllable Systems in the Presence of Obstacles

Controllability in its classical sense concerns itself with the existence of an action
trajectory that can move the agent to a desired state, subject to the differential constraints
posed by the dynamics, in the absence of obstacles. Controllability is an inherent property
of the dynamics and reveals all allowable motion, disregarding the presence of physical
constraints in the environment.

Feasible path planning amidst obstacles is often treated separately from the optimal
control problem. Most commonly, feasible trajectories are generated with efficient path
planners, such as rapidly-exploring random tree (RRT) and probabilistic road map (PRM)
methods [163,164]. The distinction between path planning and optimal control can be

seen in work by [46,48] that uses such motion planners to generate trajectories among
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obstacles and then uses them as a reference to compute the optimal control. In this setting,
nonholonomic motion consists of two stages, the path planning and the feedback synthesis
that tracks the feasible trajectory.

Another solution to obstacle avoidance in motion planning is the use of barrier cer-
tificates [165]. Barrier certificates provably enforce collision-free behavior by minimally
perturbing, in a least-squares sense, the control response in order to satisfy safety con-
straints. Feedback synthesis proceeds without accounting for obstacles and solutions are
modified, only when necessary, via a quadratic program (QP) subject to constraints that
ensure collision avoidance [166-170].

Additional solutions to obstacle avoidance include compensating functions that elim-
inate local minima in the objective caused by the obstacles [171], as well as designing
navigation functions using inverse Lyapunov expressions [172]. The former method com-
putes the local minima in the objective and constructs a plane surface function to remove
them and make the objective convex. This process can be cumbersome, as one would have
to locate all local minima in the objective induced by the obstacles and then calculate the
compensating function. On the other hand, navigation functions, described in [172,173],
are globally convergent potential functions and are system-specific.

Several of these collision-avoidance algorithms are not system-specific and could be
implemented with the proposed controller, outlined in Section 5.2. In simulation results,
presented in Section 6.2, I show collision-avoidance using only penalty functions in the
objective, demonstrating that the proposed controller succeeds in tasks (collision avoidance)

that traditionally require sophisticated treatment.
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I use Theorem 1 to show that the proposed needle-variation controller will always
converge to the global minimizer for convex functions. This statement is true independent

of the presence of obstacles.

Theorem 2. Consider dynamics given by (8.21), a trajectory described by state and
control (z,w)#(x*,v*). Let % describe the trajectory generated after k iterations of
Algorithm 1. Further let 1€X .V te[to,tf], where XpreeCX denotes the collision-free
part of the state-space. Consider an objective (2.3) that satisfies Assumption 2 and whose
running cost term penalizes collisions, such that J(#%)>J () if 3 t€[to,t ] where F¢ X free-
If the objective J(x) is convex with respect to the state x in the unconstrained sense and
the control vectors h; and the Lie brackets [h;,h;] and [g,hi] span the state space (RY),
then the sequence of solutions {5:"’} generated by Algorithm I converges to x*. Further,

FFE€X eV KERT.

Proor. Algorithm I constructs control responses out of the first- and second-order
mode insertion gradients. By extension of Theorem 1, it can guarantee to reduce the

objective with each iteration (for some control u of duration ). Therefore,
(6.1) J(@*)> T () > Tin,
where Jyin=J(z*) is the (only) minimizer of the convex objective. It follows that,

(6.2) lim J(25)=Jmin.

k—o0
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Further, assume that there exists t€[to,t¢] and k€ERT such that #*¢Xfyee. Then J(3%)>

J(x), which contradicts (6.1). Using proof by contradiction, I conclude that
(6.3) FEX free Y tE[t ot 4], ¥ kERT.

Assuming that a collision-free path exists between the agent and the target, it is straight-
forward that the minimizer trajectory is the target’s location. Therefore, from (6.2) and

(6.3), Algorithm I generates a sequence {Z*} that converges to the target safely.! [

With regards to Theorem 2, I should alert the reader that Algorithm I may not
guarantee collision-avoidance if the default trajectory is not collision-free, that is if there
exists t€[to,tf] such that &X... Further, the result of Theorem 2 can generalize to

non-convex functions that have only one minimum.

6.2. Simulation Results

Next, I illustrate the performance of the algorithm in the presence of obstacles. In all
simulations, obstacles are considered in the objective in the form of a penalty function. In
Fig. 6.1, I test the system in the same task as Fig. 5.2 in the presence of two obstacles,
indicated with red spheres. In comparison with Fig. 5.2f, it is worth noting the two angle
peaks, corresponding to each obstacle. After passing the obstacles, the system recovers

the same angle profile.

1Although control responses are constructed from a second-order Taylor series approximation of the
objective, the iterated sequence is guaranteed to decrease the real cost function at each iteration. If the
real cost function is convex with respect to the state (in the unconstrained sense), the iterated sequence
will converge towards the only minimizer. Using a sufficient descent condition, the algorithm is guaranteed
to converge to a point where the unconstrained derivative of the objective is zero (i.e., Dy J(x)=0), which,
from Assumption 4, only happens at the global minimizer.
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Figure 6.1. Differential drive using second-order needle variation actions in the
presence of obstacles. Fig. 6.1b shows the deviation from the nominal trajectory
that is the solution to the no-obstacle task. The system performs two maneuvers
to avoid each obstacle. These are evident in the angle deviation (compare to Fig.

5.2¢).

Fig. 6.2 shows more complicated maneuvers using controls from (5.6). The controller,
without relying on a motion planner, is able to generate collision-free trajectories and
safely converge to the target in all cases. These simulations also demonstrate another
aspect of Algorithm I. The differential drive always drives up to an obstacle and then
narrowly maneuvers around, instead of preparing a turn earlier on. This behavior is to be
expected of needle variation actions that instantly reduce the cost.

I next use the more complicated scenario of Fig. 6.2d to evaluate the second-order
expansion of the objective, shown in (5.4), across the state-space (see Fig. 6.3). The first-
and second-order mode insertion gradients are computed based on the second-order needle
variation controls from (5.6). States are sampled in the space for z and y in increments
of 5 mm, with #=0 everywhere. These results correspond to A=0.001. The horizontal

discontinuity that appears around y=750 mm is believed to be due to the effect of the
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Figure 6.2. Trajectories of the differential drive in the presence of obstacles. Fig.
6.2d compares the solution to the trajectories generated when considering only
a) obstacle 1, and b) obstacles 1 and 2, both of which collide with the obstacles.

Simulations run in real time in MATLAB.
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Figure 6.3. Cost reduction AJ, modeled after (5.4), for sampled z and y in the
presence of obstacles, given second-order needle variation controls. The first- and
second-order mode insertion gradients are evaluated with the controls from (5.6).
Figures 6.3a and 6.3b are identical, but shown over a different range to illustrate
that even when looking at small variations of the first-order mode insertion
gradient, the second-order method is reliably negative. The bright vertical line
in Fig. 6.3b is vertically aligned with the target located at [400 mm, 1000 mm)],
where first-order solutions are singular. No data are sampled inside the white
circles, as these indicate the infeasible occupied region.

penalty functions. As Fig. 6.3 indicates, the change in cost is always negative, verifying

Theorem 1, even in the presence of obstacles.

I further use a Monte Carlo simulation of 500 trials on the initial conditions to test
convergence success (Fig. 6.4). I sample initial conditions [z,y] from a uniform distribution
in [-200 mm, 1000 mm| x [-400 mm, 800 mm]|, where 6,=0 in all cases. All trials converged
within 25 seconds.

Last, I test the differential drive in the presence of moving obstacles (Fig. 6.5). The
controller is again able to avoid collision and converge to the target, without relying on

additional motion planning techniques. The feedback rate used is 20 Hz and the trajectory

of the obstacles is known to the agent throughout the time horizon. In these simulations,
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Figure 6.4. Performance of second-order needle variation actions in the presence
of static obstacles. The controller is able to converge to the target for all 500
trials and avoid collisions. Fig. 6.4a is an interpolated heat map that indicates
the time to convergence as a function of initial position; Fig. 6.4b shows the
trajectories followed by the center of mass of the agent. The gray area indicates
the collision space, taking into account the width of the differential drive. (the
simulation runs in real time in MATLAB). For visualization, watch Extension 1.

Table 6.1. Table of Multimedia Extensions

Extension Type Description

1 Video Collision-free convergence
in the presence of static obstacles
from random initial conditions

2 Video Collision-free convergence in the

presence of moving obstacles

Video Parallel maneuver of 3D dynamic fish.

4 Video Underactuated tracking of dynamic
3D Fish in the presence of drift.

w

T=0.3 s. The multimedia extensions to this article can be found online by following the

hyperlinks shown in Table 6.1.


https://www.dropbox.com/s/bql55gmqsh73gx1/StaticObstaclesConvergence.mp4?dl=0
https://www.dropbox.com/s/80qi1hjetm864m0/MovingObstacles.mp4?dl=0
https://www.dropbox.com/s/yk3q0b4xoytbum6/ParallelManeuver.mp4?dl=0
https://www.dropbox.com/s/0e1znvlw0qo7gdx/Tracking.mp4?dl=0
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Figure 6.5. Performance of second-order needle variation actions in the presence
of three moving obstacles. The left figure shows a snapshot of the simulation; the
right figure plots the distance of the agent from each object and the target, where
the gray area indicates the threshold minimum distance to avoid collision with
the obstacles. The controller converges to the target in a collision-free manner
(the simulation runs in real time in MATLAB). For visualization, watch Extension
2.
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CHAPTER 7

Background

7.1. Koopman Operator

The Koopman operator K linearly evolves functions of the states s(t)€ESCRY (i.e.
Y (s(t)), commonly referred to as observables or basis functions) without loss of accuracy

[72]. Given general nonlinear dynamics of the form

(7.1) sk 1=F (1),

where F' is the flow map, the Koopman operator advances the observables with the flow of

the dynamics:

(7.2) KY=YoF.

Thus, it advances measurements of the states linearly. That is,

d

(7.3) =

Y(s)=K¥(s) and Y(sg+1)=Kq¥(sk),

where IC and K; are the continuous-time and discrete-time operators, respectively, related
by K=log(KCy)/At [174]. Although a linear representation, the Koopman operator evolves
nonlinear dynamics with full fidelity throughout the state space, contrary to methods that

locally linearize dynamics around a point or a trajectory. To allow for the effect of actuation,
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(7.3) is modified such that the observables include control terms u as well [73,95]. For a
more comprehensive review of the Koopman operator, I refer the reader to [75].
Expressing nonlinear systems in a linear manner is a desirable property for many
reasons, such as investigating the global stability of a system [175], or extending the local
linearization around a point to the whole basin of attraction [176]. In addition to studying
the behavior of complex systems, the Koopman framework enables the use of linear optimal
control for original nonlinear dynamics. Unfortunately, the infinite-dimensional nature of

the Koopman operator makes practical use prohibitive.

7.2. Koopman Invariant Subspaces

There exist nonlinear systems that admit a finite-dimensional linear Koopman represen-
tation. Work in [85] analytically derives such Koopman invariant subspaces for nonlinear
systems with a specific polynomial structure, whereas the authors in [86-88,177-182]
have tried to identify such subspaces from data. For example, work in [180] identifies
eigenfunctions that may be different from the system states and synthesizes the control
objective in terms of the new coordinates. However, not only do such eigenfunctions not
always exist, they may also not allow the recovery of the system states. In these studies,
the authors demonstrate that the LQR control based on the linear representation can out-
perform LQR control calculated based on the original, nonlinear dynamics. Unfortunately,
Koopman invariant subspaces have only been found for a few systems, mentioned above.
In fact, there can be no finite-dimensional invariant subspace that includes the states for

systems with multiple fixed points [85].



125

In the absence of a finite-dimensional Koopman invariant subspace, a linear propagation
of states will induce errors. Regardless, the benefits of a linear model motivate obtaining
an approximation to the Koopman operator that will evolve the nonlinear system with
acceptable accuracy. Recent studies [56,57,183| use data-driven regression schemes to
approximate the infinite-dimensional operator K with a finite-dimensional representation

K [57,73,82].

7.3. Data-Driven Approximations of Koopman Operators

To obtain an approximation to the Koopman operator, K €R¥*™ one can choose a set
of observable functions ¥ (s)=[w1(s),12(s),..., 1w (s)] I RY—=RY (which can include the
states s themselves) and compute a data-driven model that best fits measurements. There
are several methods to approximate Koopman operators, such as DMD [89], EDMD [82,90],
Hankel-DMD [91], closed-form solutions [92,93], or regression techniques, such as Least
Absolute Shrinkage and Selection Operator (LASSO) regression [57,184]. For efficiency
purposes, researchers typically consider the least-squares solutions of the local one-time-step
error across P measurements given by

P
(7.4) ICZ}:ar%amin ;Z I (s (bt ) (bt ) ) — Ko (1) () ) ||
d k=1

where K;eR"W>*W ig the finite-dimensional approximation of the Koopman operator and
¥ (s(t)):RY—RW are the observables. Each measurement k consists of the initial state

s(tr), final state s(tx+At) and the actuation applied at the same instants, u(t) and
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u(tp+At), respectively. Equation (7.4) has a closed-form solution given by
(7.5) Ki=Ag",
with

s(te+AL) u(tp+A))Y (s(ty) ulty))”

Mw

k=1

and

P
Z_: s(te) u(te) ¥ (s (te) u(te))

where T refers to the Moore-Penrose pseudoinverse. Measurements need not be from a
single trajectory. Note, however, that the time spacing At between measurements s(ty)
and s(tx+At) must be consistent for all P training measurements.

Koopman operators offer an easily implementable system identification framework
that is conducive to linear control tools for nonlinear dynamical systems. The linear
representation makes it easier to analyze the properties of the underlying system, such
as model accuracy or regions of attraction [175,176]. Further, Koopman-operator-
based control can even outperform feedback that utilizes full knowledge of the nonlinear
dynamics [85,86].

The data-driven approximation of the Koopman operator is not inherently different from
other system identification techniques. In fact, the Koopman operator can be approximated
using any of the standard regression methods, such as ridge or lasso regression [185,186].

More importantly, contrary to standard system identification tools that may try to estimate
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unknown parameters or, more generally, the nonlinear dynamics of a system [66,187],
the Koopman operator framework places the system identification task in the context of
seeking linear transformations of the states, which is useful for control [188-190] and

other purposes.

7.4. LQR Control of Nonlinear Dynamics Using Koopman Operators
Consider a linear system with states s(¢)€RY, control u(t)€RM and a discrete-time
performance objective

(7.6) Z || tk —Sdes tk)||Q+||u(tk)||R7
tk 0

where Q=0€RY*N and R-0€RM*M are weights on the deviation from the desired states
and the applied control, respectively. Next, I use the Koopman operator dynamics to
design an equivalent objective function and a control response for the original nonlinear
system.

Further, consider the Koopman representation
(7.7) ¥ (s(tr+At)u(ty+At))=Ka¥ (s(tr) u(ty))-

For simplicity, let ¥ (s(t3,),u(ti))=[¥L (s(tx)), YL (u(tr))]", where ¥4(s(t;))€RYs are the
functions that depend on the states s and ¥, (u(t;))€R™* are the functions that depend

on the input u, where w=ws+w,. Using this notation, I rewrite (7.7) as

(7.8) Y (s(tx+At)) - A Bl |Ys(s(tr)) |

Yo (u(tr+At) o | Walu(ty))
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where (+) is used to indicate the terms associated with predicting the evolution of control,
which is of no interest in this thesis as it will determined by the feedback policy. The
terms ACR"s*Ws and BERYs*"Wu are submatrices of Ky that describe the dynamics of
the state-dependent functions and change only when Ky is updated. In addition, (-) is
used to indicate the terms associated with predicting the evolution of control, which is
of no interest in this thesis as it will determined by the feedback policy. Note that even
when there are states coupled with control, dynamics can always be transformed to a
control-affine form. When necessary, this is achieved with a variable replacement u—v and
by introducing additional variables ¥=u such that the control becomes the derivative of the
applied actuation [180]. In this thesis, I choose ¥, (u(tx))=u(t;) to ensure that control
appears linearly in the model. Then, the dynamics of the Koopman state-dependent basis

functions are
(7.9) Yo(s(tp+At))~A¥s(s(tr))+Bu(ty).
Given the Koopman dynamics (7.9), I choose the performance objective

7.10) Te=g 3 I (s(10)~Falsacn () o )

where Qg>=0€R"s*"s penalizes the deviation from the desired observable functions

Y (Sges(tr). Ilet the first N observables be the original states s and set

(7.11) Qr= ;
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so that a meaningful comparison can be made with regards to the original nonlinear system
and the associated objective function shown in (7.6). The Koopman representation is

conducive to linear quadratic regulator (LQR) feedback of the form

(7.12) u(ty)=—Kror(¥s(s(tr))—¥s(saes(tr))),

where KLQREIRMX“}S, the LQR gains, can be readily calculated from A,B in (7.8) [191,
192]. Note that, for given LQR gains, the control is updated using only the functions
Y<(s(tr)), leading to minimal computation. For more details on the control policy used
for the Koopman representation, the reader can refer to [92]. Last, I want to emphasize
that the proposed approach for synthesizing data-driven Koopman representations can be

used with different feedback schemes, such as MPC control.
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CHAPTER 8

Data-Driven Identification and Control Using Koopman
Operators

This chapter presents a generalizable methodology for data-driven identification of
nonlinear dynamics that bounds the model error in terms of the prediction horizon and the
magnitude of the derivatives of the system states. Using higher-order derivatives of general
nonlinear dynamics that need not be known, I construct a Koopman operator-based linear
representation and utilize Taylor series accuracy analysis to derive an error bound. The
resulting error formula is used to choose the order of derivatives in the basis functions
and obtain a data-driven Koopman model using a closed-form expression that can be
computed in real time. Using the inverted pendulum system, I illustrate the robustness of
the error bounds given noisy measurements of unknown dynamics, where the derivatives
are estimated numerically. When combined with control, the Koopman representation
of the nonlinear system has marginally better performance than competing nonlinear
modeling methods, such as SINDy and NARX. In addition, as a linear model, the Koopman
approach lends itself readily to efficient control design tools, such as LQR, whereas the
other modeling approaches require nonlinear control methods. The efficacy of the approach
is further demonstrated with simulation and experimental results on the control of a
tail-actuated robotic fish. Experimental results show that the proposed data-driven control

approach outperforms a tuned PID (Proportional Integral Derivative) controller and
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that updating the data-driven model online significantly improves performance in the
presence of unmodeled fluid disturbance. This chapter is complemented with a video:

https://youtu.be/9_wx0tdDta0.

8.1. Synthesis of Basis Functions for Error-Bounded Koopman

Representation

This section motivates using higher-order derivatives of nonlinear dynamics to populate
the observables of an approximate Koopman operator. The benefits of a derivative-based
representation are twofold. First, subject to a finite number of basis functions, it allows
one to best capture, locally in time, nonlinear dynamics. For systems that admit a finite-
dimensional Koopman invariant subspace, it is straightforward to show that the terms in
the observable functions ¥(s) capture all higher-order derivatives of the original states.
This is the reason why the linear representation matches the nonlinear dynamics with
no error. This is also true for the invariant subspaces found in [85], where the Koopman
observable functions are populated using the Carleman linearization approach [193-195];
for the polynomial systems considered there, the observable functions correspond to the
higher-order derivatives of the nonlinear dynamics. When the derivative functions do not
span an invariant subspace, populating the observables ¥ (sj) with higher-order derivatives
instead of arbitrary basis functions generates, locally in time, an increasingly (with the
order of derivatives) accurate linear representation of the nonlinear dynamics.

Second, the derivative-based representation enables the derivation of error bounds on
future predictions. Notably, when the model is entirely data-driven, these error bounds

might not be enforced, but offer sound bound estimates that still hold, as I illustrate


https://youtu.be/9_wx0tdDta0
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in Subsection 8.1.4, but which are then dependent on the quality of data used in the
data-driven process. To approximate the Koopman operator, so far studies have largely
focused on data-driven methods of the form in (7.4) that consider only the local error

across one time step, that is

(8.1) Y (spr1,uns1)—Ka¥ (sg,up).
Another measure of the accuracy of the Koopman representation is the global error, over

an arbitrarily long time window across all time steps m>0 (see Fig. 8.1), that is

(8.2) Y (Sktmothm) —Kg ¥ (sgu).-

The derivative-based linear embedding methodology presented in this work enables
the computation of global error bounds of the Koopman representation. By exploiting the
accuracy properties of Taylor expansions, I can synthesize Koopman basis functions that
bound the model error for any particular order of linear representation. The error bounds
in turn allow one to select the lowest-order representation that meets a desired accuracy.
This analysis is presented next.

The proposed linear embedding method does not require knowledge of the dynamics;
instead, it requires only that the time derivatives of the system states of interest be
available. The values of the derivatives can be either evaluated, using knowledge of
the dynamics equations, or numerically estimated from state measurements (using finite

differencing or other methods [196]). The method can be used
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e for known nonlinear dynamics: each state derivative is analytically derived from
the dynamics equation and constitutes a basis function for the Koopman operator
(one basis function per derivative)

e for dynamics whose structure is known but coefficients might be unknown or
changing, as I illustrate in Subsection 8.1.3: derivatives are analytically derived
from each term that appears in the dynamics equation; each term that is computed
constitutes a separate basis function for the Koopman operator (at least one basis
function per derivative)

e for completely unknown dynamics, as I illustrate in Subsection 8.1.4: each state
derivative is numerically calculated and constitutes a basis function for the

Koopman operator (one basis function per derivative).

8.1.1. Error Bounds of Derivative-Based Koopman Operators

The evolution of a nonlinear function f(¢) that is continuously differentiable up to nth

order can be approximated with a Taylor series as

Fltrr)=F )+ (tr)-(ter —te)

F(te)
2!

F0 ()

2
+ ‘(tk+1_tk) +"’+T

(trt1—tr)",

where tilde (%) denotes the predicted value of a function, and not its true value.! To

keep the algebraic expressions compact, let t51—t,=At and f,gi),éf(i)(tk), vV ieZN[1,n],

171 assume that the true values of the function f and its derivatives are known at time t;. Uncertainty
about the initial values can be readily included in the formula of the global error, later shown in this
chapter.
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Figure 8.1. Local and global errors induced by approximate Koopman operators.
The local error is the error induced by the operator across one step, assuming no
error in the initial conditions. The global error is the total deviation away from
the true states across multiple steps.

which simplifies the above expression to

A

y ) , A2 ) A"
(8.3) Feri=fetfeAt+fi o+ + 1

n!

Propagating a function using its derivatives allows one to use the accuracy of the Taylor
series to characterize the error in the evolution of a function across one time step At.

The local error induced by a Taylor series approximation using up to n derivatives across
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one time step is Ry, (k)=fx11—fry1. This error is calculated using Lagrange’s remainder

formula:

B fc(n+1)

(8.4) Ry (k)= ntl

(n+1)! ’

where fc(m_l)é £t () is the time derivative of order n+1 evaluated at some time

n+1

cE[tx,tr+1]. If there exists a positive real number L such that |f(§ )| <L for all c€[ty,txi1],

then the upper error bound in (8.4) becomes

L
(8.5) |Ry(F)|< (1)

For the purpose of applying linear control synthesis tools to linear representations of

nonlinear dynamics, I bring the Taylor approximation in (8.3) to a linear matrix form:

At? At"
Ferr| [* A 5 L fi
. A
e 0 1 At - (n—1)! i
~ A2
(8.6) " ~ 1 "
Jie 0 0 (n—2)! Ti
#(n) (n)
fria 00 0 - 1 Ji
—_——— ———
Y(skt1) > Y(sk)

For a fixed At, expression (8.6) resembles (7.3), where the derivatives of the function fj
are the observables ¥(si). When representing the Taylor series expansion, the derivative
functions f () are known at time step t;, and approximated at time t,,; by f (©), When

training a Koopman operator, pairs of measurements of the states s and s;; are used to
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evaluate the basis functions at the corresponding time steps: ¥ (s;) and ¥ (sg.1). Note
that, in (8.6), all derivatives of f; are assumed to be different functions. The analytical
expression (8.6) is equivalent to a Taylor series expansion (8.3) across one time step At for
all the basis functions. Therefore, the same error analysis (8.5) applies to each observable
n (8.6).

When propagating a function across multiple time-steps using (8.6), the observable
functions are themselves numerically propagated instead of being evaluated with measurable
states at each time step, as is the case for a typical integration scheme. As a result, error
accumulates not only in approximation of the original function f, but in the other
observables as well. To track the error in the original f, therefore, it is necessary to be
able to model the error in all of the basis functions. Using the accuracy of the Taylor
series structure, I am able to model the error on every basis function and ultimately bound

the model error in f.

Theorem 3. Consider a general nonlinear function f(t) that is continuously differen-
tiable up to order n. Propagating f(t) and its first n derivatives using the Taylor-based

linear representation (8.6) induces an error in f(t) that is given by

k=1 n +1
A 1) A"
(8'7) €= § :§ :e +Zfz?—|—1 IR
1=15=1 ! +1)

where n€Z>Y is the number of derivative basis functions used, k€Z=1 is the number of

time steps into the future, and, from Lagrange’s remainder formula (8.4), fi(,?ill) is the

n+1th time derivative of function f evaluated at some time tE€[t;,tix1]. The error bound
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is given by

n+1
(n+1)!

Fisasih

max

(8.8) lex|<

where T2EAt is the prediction time horizon and |f7(,?£«1)\ is the maximum magnitude of

the n+1th derivative.

PROOF. For the derivation of the error expression (8.7), see Appendix A.4. For the

derivation of the error bound formula (8.8), see Appendix A.5. U

To the best of my knowledge, this is the first work that provides prediction error
bounds on the accuracy of a Koopman representation for general nonlinear dynamics.
Prediction error bounds based on Taylor series had previously only been derived for a
single step, and not for an arbitrary number of time steps into the future, as I derive in
this chapter.

The error bound (8.8) is associated with the Koopman representation (8.6) for the
dynamics of a single function f. The same methodology can be used to propagate multiple
states of a system with coupled dynamics. Specifically, a system with states s(¢) and
general nonlinear dynamics $(t)=g(s(t))€R" that are continuously differentiable up to

order n

S1 91(3)

d | 52 92(5)

SN gn(s)
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can be propagated in discrete time as

(n1) Armatl

S1,k+1 SLETGLE- D91 1 G
no+1
$2,k+1 32,k+92,k'At+”'+gng2) (%L)!

(8.10) e | ,

ny+1
| SN k+1] _3N,k+9N,k‘At+'“+9](\T]L,1]¥) (AntNL)!_

where n; for jeZN[1,N] indicates the highest-order of derivatives of g; used to propagate
the jth state of the original dynamics (which does not have to be the same for all states).

The above expression can be rewritten in a linear form similar to (8.6)
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where
r n;+1
1 At At
(nj—i—l)!
At
o 1 -
(8.12) T(nj)= n;! for jeZN[1,N].
() () 1

Note how (8.11) is grouped into submatrices that propagate independently each state
and its higher-order derivatives. The basis functions are the states and their derivatives.
Propagating a nonlinear system with states s and nonlinear dynamics ¢(s(t)) using (8.11)
is equivalent to propagating each state separately using (8.6) and thus induces, for each
state, an error given by an expression similar to (8.7).

The formulation in (8.11) uses basis functions that depend, for simplicity, only on the
state s. When working with a system that has control inputs, one can treat controls u in
a similar fashion and calculate its higher-order derivatives, by introducing v as dummy

states that are the derivatives of the control input, a common practice [86)].

Corollary 3.1. Consider general nonlinear dynamics $(t)=g(s(t)) that are continu-
ously differentiable up to order n. Propagating s(t) using (8.11) induces a bounded error

on state s;, i€ZN[1,N], given by (8.7), where g(s(t)) =D =f (1)@,

PrOOF. Consider the propagation of each state s; and its derivative functions gl-('). Let

each s; be a function f; whose n;?h derivative is f (7)) Then, from Theorem 3, propagating

cach state ;= f; with (8.6) induces an error given by (8.7). U
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The error bound (8.8) allows one to calculate the maximum possible error in each
system state when propagating it with the fixed linear matrix (8.11). As a result, the
bound can be used to determine the desired number of derivatives that are needed for each
state that would generate minimal error given a fixed prediction horizon T" and subject
to the nonlinear dynamics. Alternatively, the error bound can also be used to compute
the maximum length of the prediction time horizon for which the state error is bound to
remain under a threshold given a set number of derivative basis functions.

Because, in general, there is no closure of the higher-order derivatives and the series
has to be truncated, the analytical expression (8.6) would only lead to an approximate
Koopman operator, as is commented in [85]. Note, for example, that the highest derivatives
in (8.11) are not updated at all. For this reason, I use data-driven techniques to obtain a
K4 that more accurately advances all of the basis functions than the analytical expression.
On the other hand, the error bound (8.8) applies to a linear propagation of nonlinear
dynamics using (8.11) and therefore is no longer guaranteed when a data-driven operator is
used instead. Nevertheless, it can still serve to measure how amenable nonlinear dynamics
are to a linear representation by revealing the relationship between the magnitude and
order of the derivatives. Furthermore, empirically, the data-driven model does resemble
the Taylor-series structure (8.11) such that the error bounds remain relevant.? Using
simulation results, I next verify the similarity of the data-driven operator to the analytical

expression in (8.6), as well as the validity of the error bounds.

2Al‘chough the data-driven solution is not guaranteed to bound all local errors within the Taylor series
accuracy, given a training dataset that is a representative part of the state space, solutions that largely
deviate from the Taylor-series structure in (8.6) would generate large local errors in parts of the state
space and thus be avoided by the least-squares solution (7.5).
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8.1.2. Error Bound Estimation Using Data-Driven Operator

The error bound formula (8.8), derived for a linear representation of (8.11), remains relevant
to a data-driven operator, when the latter has similar structure, i.e., small Frobenius
distance, to the Taylor-series form (8.6). On the other hand, since an operator computed
from data may not take exactly the form of (8.11), the bounds shown in (8.8) are not
strictly enforced, but offer what I refer to as sound bound estimates in the remainder of the
chapter. To calculate the bound estimates, one needs to compute | fé&;l)h the magnitude
of the lowest-order derivative of the system states that is not used in the basis functions.
When dynamics are known, this value can be calculated numerically. Alternatively, as
I show next, one can exploit the Taylor-series structure of the data-driven operator to
estimate the error bounds beyond the training set that has been used to generate the
Koopman operator even when there is no knowledge of the dynamics.

Specifically, given a linear representation that approximates the Taylor-series structure
(8.6), the local error across one time step induced by the data-driven model can be described
by the Taylor series accuracy. Thus, using (8.8), the error across one time step (k=1) of a

function f can be written as

n+1)At( 1)|:| n+1) At(n+1)

n+
(n+1) 20 Ty p( S
(8.13) |61|§’fmax (TL—|—1)' fmax | (n+1)!7

where e; is available from the data-driven training process (7.4). Let |e1|mqez be the

maximum local error, i.e., |€1]mazr=>]€1]. Then, when the training data set is large enough,
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one can get

n+1) At(n+1)

(8.14) et maz=| £ |m»
which is rearranged to

(n+1)!
(8.15) s 1lerlmar oy

In short, I use the maximum error across one time step from the training process to
estimate the term |f,§$j;1)|, which in turn, using (8.8), allows us to estimate |eg|, the error
bound after £ time steps. Alternatively, when no analytical model of the dynamics is

available, the value | fy(r?a;l)] can also be estimated numerically using measurements of f.

8.1.3. Synthesis of Derivative-Based Koopman Observables with Structural

Knowledge of Dynamics

The derivative-based approach proposed in this work populates Koopman observables with
the system states s and their derivative functions. Each derivative is a separate function
that can be computed from the analytical expression when dynamics are fully known, or
numerically estimated from measurements when no model exists. In this subsection, I
show how I construct the basis functions to exploit structural knowledge of dynamics that
have unknown coefficients.

For simplicity, I assume that the dynamics of each system state depend on a single
term, i.e., a nonlinear function multiplied by a coefficient; the case of having multiple such

terms can be handled similarly. In particular, consider a nonlinear system with states
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s€RY and dynamics

81 0191(5)

d | S2 c2G2(s

SN _CNQN(S)_

where ¢;, i1€ZN[1,N], are unknown coefficients and g¢;(s) are nonlinear functions of the

states s. The second-order time derivatives of the states s are

sl | agi(s)

d? | s2 c295(5)
8.17 — —

SN _CNgfv(S)_

where ¢.(s) denotes the time derivative of ¢;, and thus

dgi dgi
(8.18) cigll-(s):ci(ﬂclgl—k---—i—ic]vg]v) for ieZN[1,N].
881 asN

For ease of discussion, I limit the analysis to the first two time derivatives, but the
same process can continue to generate higher-order derivatives and, thus, additional basis
functions.

Using the states s;, the first-order derivatives g; and the individual terms % g; that

0s;
appear in g;(s), where i,j€ZN[1,N], I populate the basis functions of the Koopman matrix.
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In discrete time, the states are then propagated with

- - T At? ]
S1,k+1 51, k+C191 % A?f‘|'0191 ko1
2
52 k41 S2.kHeaga kBt +cagh j— -
(8.19) = o2
At 2
[SNA+L] SN TGN kDN Gy k|

Substituting for the g}(s) terms, I show the expected form for a single state s;:

_ [ At? At? a7 | _
91k+1 0 1 c1 At co At cy At 9Lk
dg1 ) on )
D51 91 5k+1 0 0 1 0 0 D51 a5 Y915k
(8.20) o1 } = 391 }
D5y 92 k41 0 0 0 1 0 85292 k
og
{79N}/c+1 0 0 0 0 1 {TQN}k:
- _ _ . SN -
> (S ——
Y(ski1) Ka Y(sk)

As before, to improve the accuracy of the linear representation, I use data to approximate

a Koopman operator.

8.1.4. Assessment of Error Bound Estimates

Using the single pendulum system, I demonstrate the error bound estimates for the
data-driven linear approximation, both when the dynamics are known and when they are
unknown. In particular, I show that | fmax | can be computed using the dynamics equations

(model-based estimate) when those are available, or approximated using the residue error in
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the training process when the dynamics are unknown (data-driven estimate), as explained in
Subsection 8.1.2. In both cases, once | fr(r%;l” is calculated, the error bounds are computed
using (8.8). The states are s=[f,w]” and dynamics are given by $=[w,¥sin(6)+u]”, where
¢=9.81 m/s? is the gravitational constant, /=1 m is the pendulum length, and w is the
control.

For the model-based estimate of the error bounds, the maximum magnitude of the nth
derivative is (for each state) computed numerically by maximizing the symbolic expression
over the domain of the state space that is used for training. For the data-driven estimate,
the maximum magnitude is computed using (8.15) based on the training error. Note that,
when propagating a data-driven operator instead of (8.11), the error bound estimates may
in theory be violated.

[ sample and forward-simulate 5000 initial states sg for At=0.01 s to obtain a Koopman
operator Kg via (7.5), which I then use on a different randomly selected set of 5000 states
to propagate the dynamics for a time horizon T'. In both the training and the testing sets,
uniform distributions of the initial states Uy, (—27 rad, 27 rad) and U, (—5rad/s, 5rad/s)
are used. For each sample, both in training and in testing, I apply random inputs generated
from a uniform distribution given by U, (—5rad/s?,5rad/s?). The observables include the
angle # and its first three derivatives, derived analytically based on the dynamics equation.

The obtained structure of the data-driven Koopman operator resembles the Taylor-
series structure (8.6) (see Fig. 8.2), which adds validity to the data-driven error bound
estimation. The error bound estimates and the actual errors are shown in Fig. 8.3. The

error bound that is estimated from the structure of the data-driven operator without

knowledge of the dynamics is reasonably accurate at predicting the maximum error. In
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Figure 8.2. The deviation of the data-driven Koopman operator from the Taylor-
based matrix (8.6) for the single pendulum system, where the derivative basis
functions are constructed analytically from the known dynamics. Fig. 8.2b shows
that the non-zero coefficients (upper triangle) of the linear Taylor expansion are
accurately recovered from the data-driven operator. The zero coefficients (lower
triangle) are replaced by small values that help minimize the least-squares error for
the part of the state space used in the training set. The deviation differs by orders
of magnitude across the basis functions, as seen in Fig. 8.2c. As expected, the
deviation is smallest for 6, as it is the one with the highest number of derivatives

used in the basis functions.

addition, note that the maximum actual error and the error bound estimates have similar

slopes with respect to the prediction horizon as well as the fact that both the actual error

and the error bound estimates decrease with increasing order of derivatives used as basis

functions.
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Figure 8.3. Simulated error bound estimates and actual error bounds for the single
pendulum system as a function of the prediction horizon and for increasing orders
of derivatives used as Koopman basis functions. The derivative basis functions are
constructed analytically from the known dynamics. Both error bound estimates are

calculated using (8.8), but differ in how they compute | fr(,?,;;l) |. Data Est. is the
model-free error bound estimate and uses the data-driven Koopman operator and

(8.15) to compute | fr(,?a;l) |; Model Est. is the model-based error bound estimate

and uses the analytical dynamics equations to compute | f,(,ﬁ;l)h Max error is
the measured largest deviation as a function of time between the actual value of
the state and the one predicted by the data-driven Koopman operator across all
trajectories that evolve from randomly sampled initial conditions. Results are
shown for three different orders of derivatives of 8. Note that state 6 has always one
more derivative than w. The data-driven bound estimates and actual errors can be
generated for different parameter choices using a Jupyter notebook at https://
colab.research.google.com/drive/1EPX1XVUHr9gix-pZD_3Ydw7Npzz9n3Jj.

Next, I demonstrate the performance of the derivative-based data-driven Koopman

magnitude of | f!

n+1

)|, which is also calculated using central finite differences [197).

operator and the error bound estimates when dynamics are unknown. Using the sin-
gle pendulum system, only the angle and angular velocity are measured; higher-order
derivatives are estimated using central finite differences [197]. To illustrate the robustness
of the approach to noise, I add zero-mean Gaussian-distributed noise N(0,02) to the
measurements of 6 and w, which are then also filtered through a moving average of 15
periods for noise reduction. The higher-order derivatives and the Koopman operator are

computed from the filtered measurements. The term | fé?azl)\ is computed as the maximum


https://colab.research.google.com/drive/1EPX1XVUHr9gix-pZD_3Ydw7Npzz9n3Jj
https://colab.research.google.com/drive/1EPX1XVUHr9gix-pZD_3Ydw7Npzz9n3Jj
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In Fig. 8.4 I show results for n=2 and two levels of noise: low (c=7/180) and high
noise (c=157/180). Note that the actual maximum error induced by the Koopman
operator remains almost identical, indicating that the operator is robust to high levels of
noise. The error bound estimate for the low-noise scenario follows closely the error induced
by the Koopman operator. In the high-noise scenario, the error bound estimate is more
conservative. This is because the error bound formula is highly dependent on the calculated
term | fr(r?azl”, which is likely to be miscalculated with noisy measurements. Note that if
the training data do not represent the entire state space, the calculated value for | féfa;l”
is likely to underestimate the true value. On the other hand, including some safety margin
in the | f,S{LJ;;lH term can make the error bounds more conservative. These results suggest
that, although the error bound estimates may become less accurate with increasing levels
of noise when dynamics are unknown, the performance of the derivative-based Koopman
operator remains robust to noise, suggesting that the proposed methodology is a promising
candidate for the prediction of unknown systems.

In conclusion, the error bounds are derived with respect to the analytical Taylor-based
Koopman form of (8.6). However, I show (Fig. 8.2) that, in practice, the data-driven
Koopman model has a very similar structure to (8.6) such that the error bounds remain
relevant estimates. In addition, I verify that the error bounds reflect reasonably well
the prediction error induced by data-driven Koopman models (Fig. 8.3), even in the
presence of noise (Fig. 8.4). In practice, the error bounds, which depend on the prediction
time horizon and the magnitude of the derivatives of the dynamics, provide a systematic
method to determine the basis functions for a desired balance between model accuracy

and complexity.
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Figure 8.4. Simulated error bound estimates and actual maximum errors induced
by the data-driven Koopman operators for the single pendulum system when
dynamics are unknown and measurements are noisy. The derivative basis functions
are calculated numerically from the state measurements—no analytical model is
used.
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Figure 8.5. Control of a pendulum system based on data-driven models obtained
using SINDy, NARX, a linear model based only on the system states, and a
derivative-based Koopman model whose observables contain the state 6 and its
first- and second-order derivatives. The derivative basis functions are numerically
estimated from state measurements both for training the Koopman model and
online to implement control—no analytical model is used. All models are used to
design MPC control and, in addition, I use the Koopman model for LQR feedback
(Koopman-LQR). Koopman with MPC has the lowest cost (19.71) for the 10 s
simulation, while NARX, SINDy and the linear model result in errors that are
12.43%, 18.32%, and 30.61% higher, respectively. Koopman-LQR leads to the
second best performance (0.97% higher error in comparison to Koopman-MPC).

10
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Note that, in this work, I do not argue that one should always use additional basis
functions than the original system states; instead, one could analyze when and how to
augment the basis functions of Koopman operators to improve the modeling accuracy
while being cognizant of increased system order and complexity. In particular, the derived
error bound estimates can serve as a guide on whether one should do so and by how many

derivatives.

8.1.5. Comparison to alternative system identification methods

Finally, I compare the performance of the derivative-based data-driven Koopman represen-
tation approach to alternative system identification methods using the single pendulum
system. Specifically, I use SINDy [198], NARX [199], a data-driven linear model, and the
proposed derivative-based data-driven Koopman approach to obtain models and design
MPC control to invert the pendulum to the upright position.

To train the models I uniformly sample and forward simulate 500 initial states sg for
At=0.04 s. The initial states are sampled from uniform distributions given by Uy, (—27 rad,
2 rad) and U, (—5rad/s, Srad/s). I use random inputs generated from a distribution given
by Uy, (—10rad/ s2,10rad/ 52)_ [ train the SINDy model using the open-source package [200]
and the NARX model using the MATLAB Deep Learning Toolbox [201]. The higher-order
derivatives used for SINDy and the derivative-based Koopman model are numerically
estimated from the angle and angular velocity measurements.

Fig. 8.5 shows simulation results for the inversion of the single pendulum system using
MPC control computed from models obtained with NARX, SINDy, a data-driven linear

model based only on the system states (n=1, see Fig. 8.3), and a data-driven Koopman
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representation based on the state 6 and its first- and second-order derivative (n=2). In
addition, I also test LQR control on the Koopman model to demonstrate that similar
control performance can be achieved with LQR gains that are computed once. The desired
states are given by s4.5s=1[0,0], the weights for the states and control are Q=diag(5,0.01)
and R=0.001, respectively, and the prediction horizon is T=0.1 s.

I also compare the control performance of these methods for 30 initial conditions 6
and wp sampled from uniform distributions given by Uy, (—mrad, 7rad) and U, (—2rad/s,
2rad/s). The average of the 30 errors is 6.00 (with a standard deviation of 6.60) for the
Koopman-LQR approach; 6.05 (with a standard deviation of 6.59) for the Koopman-MPC;
6.48 (with a standard deviation of 7.00) for NARX; 6.69 (with a standard deviation of
7.18) for SINDy; and 7.44 (with a standard deviation of 7.70) for the linear model.

These results show that the control performance of the Koopman-MPC method is
marginally better than the linear-MPC, NARX-MPC and SINDy-MPC. Also, the Koopman-
LQR approach delivers control performance comparable to the Koopman-MPC method,
with the additional benefit that it lends itself to efficient control computation, which
makes it an attractive choice for online robotic control applications. This is why I use

Koopman-LQR in the simulations and experiments with the robotic fish in Section 8.2.

8.2. Data-Driven Control of Tail-Actuated Robotic Fish

I illustrate and validate the proposed data-driven modeling approach using a tail-
actuated robotic fish. The states of the robotic fish are s=[z,y,1,v,vy,w]T, where z,y are
the 2D world-frame coordinates, v is the orientation, v, and v, are the body-frame linear

velocities (surge and sway, respectively), and w is the body-frame angular velocity. I use «
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Figure 8.6. Error bound estimates based on derivative-based Koopman models
of the robotic fish dynamics (8.21) for increasing order of derivatives used in the
basis functions. The derivative basis functions are constructed analytically from
the known dynamics. Each additional order of derivatives improves the error

bound estimates over the selected prediction horizon. The error bound estimates

are computed using (8.8) where | fﬁ?a;l” is calculated from the training data.

to indicate the angle of the tail, actuated with a(t)=a,+agsin(wgt), where ag,ap,w, are
the amplitude, bias, and frequency of the tail beat. To simplify the problem, I keep the
frequency fixed at w,=27m rad/s.

I describe the dynamics of the system with an average model [202] given by

0 vzcos(1)) —vysin (1))
2 vgsin (1)) +vycos(v)
w

"-)x f1(3)+Kff4(040a05aawa)

<.
(1>

y f2(8)+K; f5(a0,0a,wa)
w f3(3)+Kmf6(&07aaywa)
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where
fi(s)= :Zvyw_;;lvx 2+v +— Uy\/marctan(ZZ)
fa(s)= ——vxw 7Uy\/m \/marctan
f3(s)= (m1—ma)vsvy—cysgn(w)w’
(8.22) ; 5
f4(a0>aa>wa): 12m1L2 (3—§a2_§a2)
f5(a/0>aaawa) mn LQWQO{QOéO
4m2
f6(a/0>aa>wa): _ﬂLQC(ﬂQO{QO{O
4J3
and ml:mb_m%’mz:mb_may’J3:Jbz_Jaz701:%PSCD»CQZ%PSC’L,&L:J%KD,65:

iLch. Parameter my, is the mass of the robotic fish, mg, and m,, are the hydrody-
namic derivatives that represent the added masses of the robotic fish along the x and y
directions, respectively, J,, and Jp, are the added inertia effect and the inertia of the
body about the z-axis, respectively, m is the mass of the water displaced by the tail
per unit length, p is the water density, L is the tail length, ¢ is the distance from the
body center to the pivot point of the actuated tail, C'p,Cr,Kp are drag force, lift, and
drag moment coefficients, respectively, and Ky and Ky, are scaling coefficients measured
experimentally [203].

I train a Koopman operator using the control-affine form of the dynamics (8.21) that

is obtained by substituting

3 3
(8.23) U=« (3—§ag—§a2) Up= a2y,
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Because the computed control is in terms of the variables u; and us9, it needs to be mapped
to implementable values for the amplitude, a4, and the bias, a,, of the tail flapping. To
convert u; and ug back to the physical actuation variables, I use a constrained global
minimization solver based on Sequential Quadratic Programming (SQP) that finds the
nearest, in the space of u; and wue, feasible actuation values for o, and a,. Given u; and

u9, the constrained optimization problem is posed as

ag—:ag))2+<u2—agao)2

argmin\/(m —a2(3—

(8.24) @0
subject to: a,€[0,30°] AND a,€[—45°,45°].

This minimization is solved before every control update.

Given the unilateral constraints on the forward motion of the tail-actuated robotic
fish (it cannot move backwards), directly tracking position coordinates becomes rather
challenging. For example, when the target lies behind the robotic fish, the control solution
generates a negative amplitude (to generate backward motion) that is infeasible and
thus the system stops moving. This behavior has been observed and tackled in [204] by
translating position coordinates into different error states, associated with the body-frame
velocities of the system. Similarly, in this work, I argue that one can express all feasible
trajectories for the tail-actuated robotic fish in terms of an angle and a forward velocity

profile.

8.2.1. Simulation Results

In this subsection, I present simulation results on the data-driven modeling and LQR

control on the tail-actuated robotic fish. To decide the optimal order of derivative basis
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functions, I compare the error bound estimates over T'=1 s, which is the feedback rate,
using different orders of derivatives. Results are shown in Fig. 8.6. I select n=2 for a
reasonable balance between the increasing complexity of calculating higher-order derivatives
and model accuracy. Next, I populate the observable functions with the states, their
first- (using (8.21)) and second-order derivatives, which are derived analytically from
the average model. To allow the identification of unknown or changing coefficients (as
discussed in Subsection 8.1.3), I consider each term in the derivatives individually. For
example, %vywzéyw+vyw generates multiple basis functions, where v, and & are given
by (8.21). Using separate functions for the time derivatives of each individual term that
appears in the dynamics is similar to using the time derivatives of the entire equation
of a state (e.g. ¥,(t)). Despite increasing the number of basis functions, I prefer the

first approach because it does not require knowing the coefficients of the individual terms

m2

e ). As a result, I can readily train the Koopman operator on other

in advance (e.g.
robotic tail-actuated fish that have a different morphology. In this way, I end up with the
system states, the control inputs, and 54 additional scalar functions, with ‘PS(S)E]RGO and
Y, (u)=ucR?.

Note that I choose control-dependent basis functions to be u so as to use LQR feedback.
One can also choose basis functions that include nonlinear control terms in combination
with a different control policy, such as NMPC [86,205]. Alternatively, one can always
convert dynamics that are nonlinear in control by introducing new dummy variables (e.g.
v;) as the control input that are the derivatives of the system actuation (u;=c;(vi—u;)),

where ¢;€ER™ dictate the rate of change [86]. This is in practice also closer to the physical

implementation of actuation that cannot instantly change values. In this way, it is then
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Table 8.1. Simulation parameters for the tail-actuated fish model dynamics (8.21).

Simulation Parameters
Parameter | Value Parameter | Value
my 0.725 kg P 1000 kg/m?
Mag —0.217kg S 0.03 m?
May —0.7888 kg Cp 0.97
Jis 2.66x10 3 kg-m? | O, 3.9047
Jaz —7.93x10"*kg-m? | Kp 4.5x1073
L 0.071m Ky 0.7
d 0.04m K, 0.45
c 0.105m

possible to include nonlinearities in u;, while the system remains still linear with respect
to the control input v; designed by the user.

Next, I train an approximate Koopman operator using (7.5). To generate data s; and
Sip+1, 1 sample P=3000 initial conditions for the states with uniform distributions given
by Uy (—0.5m, 0.5m), Uy,(—0.1m, 0.1m), Uy, (—7/4rad, n/4rad), Uy, (0, 0.04m/s),
Uy, (—0.0025m /s, 0.0025m/s), U, (—0.5rad/s, 0.5rad/s). For each sample, I apply random
inputs generated from a uniform distribution given by Uy, (—45°, 45°) for the tail angle
bias and Uy, (0,30°) for the tail angle amplitude of oscillations. Then, for each sample
of initial conditions s; and controls uy, I use dynamics (8.21) and parameters shown in
Table 8.1 to propagate the states with the given control for At=0.005s and obtain the final
states sgy1. I use the set of sg,Sk41,ur to compute the approximate discrete Koopman
operator (7.5). Note that the value of uj,1 can be arbitrary, since I am not trying to
predict the evolution of the control-dependent basis functions. Once I have trained the
Koopman operator, I convert it to the continuous time via K=log(Ky)/At, extract the
state- and control-linearization matrices A and B, choose the weight matrices () and R

and compute the infinite-horizon LQR gains.
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Figure 8.7. LQR-controlled robotic fish in simulation. The LQR gains are gener-
ated once using the learned Koopman operator. The derivative basis functions are
constructed analytically from the known dynamics. The desired trajectory is given
in terms of the angle and the forward velocity. Since the position coordinates are
not included in the performance objective (7.10), the controlled trajectories are
individually shifted to align with the desired figure-8 shape as closely as possible.
Despite using fixed LQR gains, the controlled systems successfully track the
desired states that were designed to produce a figure-8 pattern. Koopman-LQR
has the lower cost (3.35) for the 120 s duration, while the approach based on the

data-driven linear model with the same set of states as in (8.21) results in an
error that is 95% higher.

Figure 8.7 shows the velocity tracking performance of the derivative-based Koopman
model in comparison to a linear data-driven model for the system (8.21) (with the same
set of states as in (8.21)) when using LQR-feedback. The desired trajectory is a figure-8
described by $4.s=[0,0,135-7 /180-sin(0.05t+/2),0.02,0,0.05-135-7 / 180-cos(0.05¢t+7 /2)].
The weights are Q=diag(0,0,0.1,4000,0,0) and R=diag(0.01,0.01). As is seen in the figure
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Table 8.2. Amplitude and bias inputs used to collect training dataset.

Actuation values
Amp (°) 15 20 25 30
Bias (°) | 0] 420430 [ 440 [ +50 [0 [ £20 | £30 [ +40 [ +50 | 0 [ +20 [ +30 | £40 [ 450 [ 0] +20 [ +30 [ +40 | £50

Figure 8.8. Tail-actuated robotic fish used in experiments, developed by the
Smart Microsystems Lab at Michigan State University. It maneuvers in water by
oscillating its tail fin.

the proposed derivative-based Koopman modeling approach leads to improved control

performance.

8.2.2. Experimental Results

8.2.2.1. Experimental Setup. I next use the physical robot shown in Fig. 8.8 to
experimentally test the proposed approach. An overhead camera captures the red and blue
marks on the robotic fish (see Fig. 8.8) and calculates the coordinates of its center and its
orientation at about 3Hz. The body-frame velocities are estimated using a Kalman filter.

The state derivative functions, provided by the average model, are then evaluated with the
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Figure 8.9. Fitness between Koopman model and experimental measurements.
The green line shows data interpolated from experimental measurements (blue
dots) every At=0.005s. The red line shows the evolution of the states using

the Koopman model. The actuation is constant for each of the two runs and is
indicated in the caption.

states. To simplify the modeling and control task, the tail-beat frequency used in both
the training phase and the testing phase is kept constant at w,=2nrad/s. In order not to
disturb the periodic movement of the tail oscillation during tracking, feedback control is
updated at roughly one second. The control commands are communicated to the robot

via Xbee (RF communication).
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8.2.2.2. Training Phase. For the training phase, I collect experimental measurements
using the robotic fish to compute the approximate Koopman operator. Throughout each
run, I apply constant tail bias and amplitude for the oscillations of the tail fin. I conduct
a total of 72 runs, with two trials for each of the 36 different combinations of actuation
parameters, shown in Table 8.2. T train the Koopman operator using the same basis
functions as discussed in Subsection 8.2.1.

To create a consistent mapping with the Koopman operator, all pairs of measurements
s and sj11 need to be spaced (in time) equally apart. For this reason, and also to decrease
the time between measurements to fine levels (without the constraints of my sampling and
filtering methods), the obtained data is interpolated at At=0.005s. The interpolated data
is then used to obtain an approximate Koopman operator according to (7.4).

To measure how well the Koopman model captures the nonlinear dynamics of the
robotic fish, I use K, learned from the experimental data, to propagate the identified model
continuously based on the initial states of each of the 72 experimental runs. Then, the
predicted simulated trajectories are compared against the corresponding experimental ones.
For the purposes of illustration, two such comparisons are shown in Fig. 8.9. The linear
Koopman model, despite not perfect, reasonably follows the experimental data for at least
five seconds. Note that, because I only minimize the single-step prediction error (7.5), it
is more likely (compared to minimizing a multi-step error) that I compute an unstable
Koopman operator, even if the dynamics are stable. In that case, the long-term predictions
would exponentially deviate and become inaccurate. Imposing stability properties on the

operator is the focus of ongoing work [206,207].
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8.2.2.3. Testing Phase. I use the data-trained Koopman operator to implement linear
feedback control (LQR) for tracking. Using the weight matrices () and R, which penalize
the tracking error and control effort, respectively, I define the minimization problem (7.10)
and calculate the infinite-horizon LQR gains. Contrary to work in [92], and in order to
illustrate the simplicity and robustness of the proposed scheme, I keep the same weights
across all different tasks, such that the same LQR gains, (unless the model is updated)
are used in every type of trajectory. The resulting feedback has the form shown in (7.12).
As mentioned earlier, I argue that, to follow any trajectory, it suffices to track a desired
orientation and forward velocity and so I design the LQR weights accordingly. Specifically,
the weights used are @=diag(0,0,0.1,1000,0,0) and R=diag(1,1). The weights for the
angle and forward velocity are disproportionate to account for the difference in scale
between the velocity of the robotic fish, typically in the order of 0.01 m/s, and the body
orientation, expressed in radians.

I implement the proposed data-driven Koopman methodology in two ways. One
approach is computing the model and LQR gains offline once; the other is updating the
model and recalculating the LQR gains online in real time. To update the Koopman
operator online in a memory-efficient manner, I do not store any previous measurements.
Instead, I use (7.5) and split it into the P measurements used last to calculate the Koopman
operator and the AP new measurements since the last update, where P, =P-+AP is

the total number of measurements used. Then,

(8.25) la;,new:Anew gjzewv
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Figure 8.10. Outline of the proposed methodology for LQR control using
derivative-based Koopman operators.
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Figure 8.11. Experimental setup for creating fluid disturbances. The motor is
halfway submerged in water, generating ripples with its propellers.

where
1 P)total_1 T
Anew:P—(AP+ > F(skrr,th1)¥ (spour))
total k=P
(8.26)
1 Ptotal_]- T
gnew:P—(gP+ > Y(swour)¥(skour)’)
total k=P

and A and G are given by (7.5). The derivation of the formula is shown in Appendix A.6.
Then, the LQR gains are recomputed as shown in Section 7.4 using the updated Koopman
operator. I show an outline of the process in Fig. 8.10.

The proposed method is compared to a PID controller, a widely-used model-free control

method. PID feedback is quite effective, requires low computational effort, and does not
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Figure 8.12. Experimental results: Average error scores for velocity and angle
tracking for PID and two variants of Koopman-LQR, trained offline and updated
online, with and without fluid flow indicated respectively with the waves and
no-fan icons. The four subplots compare the performance for the linear and
circular trajectories for each state separately. The error bars indicate the stan-
dard error. The proposed Koopman operator scheme outperforms PID in all
tests. Further, updating Koopman-LQR online improves the performance in the

presence of the unmodeled fluid flow. A video of experimental runs is shown at
https://youtu.be/9_wx0tdDta0.

®
®

require exact knowledge of the dynamics or any of the model coefficients [208]. In fact,
it has been shown to perform remarkably well on motion and speed control of robotic
fish [209,210]. However, this method often requires intensive gain tuning. To tune the
PID controller, I utilize the Ziegler-Nichols’ closed-loop method [211]. By comparing my
method to PID, I hope to demonstrate that the proposed method is a promising, data-
driven feedback scheme that compares well against a popularly used, effective controller,

yet without the additional overhead of intensive parameter tuning. The two methods are
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compared on tracking linear and circular trajectories that are described in terms of the
desired orientation and forward velocity.

The comparison of the proposed Koopman-LQR method and the PID is conducted
over ten trials for both types of trajectories. I further compare their performance in the
presence of fluid disturbance, generated by a propeller (see Fig. 8.11). The results are
presented in Fig. 8.12, which displays the average error in the two tracked states, together
with the standard error. The standard error is a measure of the expected variability in the
average error, contrary to the standard deviation that measures the expected variability
away from the mean. Note that, for the case of LQR with gains computed offline, the
data used to obtain the Koopman representation was collected in the absence of fluid
disturbance.

From the results, the proposed data-driven Koopman-LQR scheme, regardless of
whether it is updated online, outperforms PID in all tasks, with or without fluid disturbance,
except for tracking the orientation in the linear trajectory, where both algorithms have
similar performance. The difference in the performance between the Koopman-LQR and
the PID is highlighted in the tracking of the circular trajectory in the presence of fluid
flow, where the angle error is significantly higher for PID (Fig. 8.12). Given that angle
tracking (in the linear trajectory) is the only metric where PID is comparable to the
proposed method, I attribute the difference in performance in the presence of fluid flow to
the robustness of the proposed approach and its ability to track the desired trajectory in a
confined space in the presence of unmodeled dynamics.

In the absence of fluid disturbance, the two implementations of the proposed method

(that is, with and without updating the model and LQR gains in real time) have comparable
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results. It is only in tracking the circular trajectory that the offline implementation tracks
the desired velocity better. I conjecture that this is due to the collisions of the robotic fish
with the side wall (and the unmodeled boundary conditions) that take place because of
the confined space. Introducing such discontinuous disturbances likely deteriorates the
learned model temporarily; yet it still outperforms the well tuned PID controller. On
the other hand, the major benefit of updating the model online is, as one would expect,
in the presence of fluid disturbance. There, the real-time updated method significantly
outperforms the offline-trained Koopman-LQR scheme, highlighting the importance of

updating the model online in environments that constantly change.

8.3. Discussion

In this chapter, I use the Koopman operator framework to develop derivative-based
data-driven linear representations of nonlinear systems, suitable for real-time feedback.
The proposed synthesis of the observable functions aims at minimizing the representation
error without requiring knowledge of the dynamics. Utilizing Taylor series error bounds, I
characterize the error for the analytical expression and use the error bound formula to
decide the basis functions for obtaining a linear data-driven Koopman representation. I
then control the linear model using LQR feedback, which enables very fast control synthesis.
In fact, unless the model is updated online, the LQR gains are computed only once. I
demonstrate the efficacy of the proposed approach with simulation and experimental
results using a case study of a tail-actuated robotic fish.

Although the proposed method can be used for any system that can benefit from

data-driven methods or reduction of the nonlinearity, underwater robotics is perhaps the
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most suitable application for this method, due to the inherent environmental uncertainty,
the highly nonlinear dynamics, and the need for controllers that use limited computation
(to preserve battery use or due to limited computational power). While this method could
certainly be applied to other systems, it perhaps would not be as useful for low-dimensional

systems, with known dynamics and few nonlinearities.
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CHAPTER 9

Memory-Efficient Learning of Stable Linear Dynamical Systems

This chapter presents a novel algorithm, called SOC, for learning stable LDSs for
prediction and control. Using a recent characterization of matrix stability [212], I derive a
gradient-descent algorithm that iteratively improves the reconstruction error of a projected
stable model. Contrary to current top-performing methods that start from the least-
squares (LS) solution and iteratively push the LDSs towards the stability region, SOC
enforces stability in each step. As a result, it returns a stable LDS even after one iteration.
Furthermore, whereas alternative methods terminate upon reaching stability, SOC can
iterate on already stable solutions to improve the reconstruction error. It can therefore be
used to further improve the solutions of other methods.

The proposed method is provably more memory-efficient, with an O(n?) space
complexity—n being the state dimension—compared to O(n4) of the competing alternative
schemes for stable LDS. For systems with inputs, I derive the gradient directions that
update both state and control linear matrices. By doing so, I expand the space of possible
solutions and enable the discovery of models achieving lower error metrics compared to
searching only for a stable state matrix which, to the best of my knowledge, is what the
current top-performing algorithms do.

To demonstrate the superior performance of the SOC method, I test it on the task of
learning dynamic textures from videos (using benchmark datasets that have been used to

assess models that learn stable LDSs), as well as learning and controlling (in simulation
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and experiment) the Franka Emika Panda robotic arm [106]. When compared to the
current top-performing models, a constraint generation (CG) [4] and a weighted least
squares (WLS) [107] approach, the proposed method achieves an orders-of-magnitude
lower reconstruction error, robustness even in low-resource settings, and better control

performance.

9.1. Notation

In this section, I review the notation and the setup used in identifying stable linear
dynamical systems from data. I consider states t€RY controls ucR™ and discrete time

LDSs modeled as

(91) ytExt+1:Axt+But,

where A€RM*N and BERM*M are the state and control matrices, respectively. For
systems without inputs, one can simply set B=0. Let Sy p={(A,B) | z14+1=Ax;+Bu}
denote the solution space of the matrices A and B that describe a LDS of the form (9.1).

Stability of linear systems is typically analyzed using the eigenvalues of the state
transition matrix. Let {\;(A)}, denote the eigenvalues of an NxN matrix A in
decreasing order of magnitude and S be the set of all stable matrices of size NxN.

Further, let p(A)=|\1(A)| denote the spectral radius of A.
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9.1.1. Learning Data-Driven LDSs

Given p pairs of measurements (x4,y;), learning LDSs from data typically takes the form
(9.2) A=int [y —Ax]2
: =inf —||Y—
A2 o

where Y'=[y192...yp| ERN*P| X =[1129...7,) ERV*P and ||| is the Frobenius norm. The

LS solution is then computed as
(9.3) A=Y XT.

where XT denotes the Moore-Penrose inverse (or pseudo-inverse) of X. The optimization
problem in (9.2) does not impose stability constraints on A. The objective of learning

stable LDSs is typically formulated as
(9.4) A=inf 2|y —Ax]2
. =inf || Y —
AES?2 F

and is highly nonconvex.

The current top-performing methods for computing stable LDSs are a constraint
generation [4] and a weighted least squares [107] approach. CG formulates the optimization
as a quadratic program without constraints, which is an approximation to the original
problem. It then iterates on the solution to the approximate optimization by adding
constraints and terminates when a stable solution is reached. WLS determines the
components of the LS transition matrix that cause instability and uses a weight matrix
to enforce stability, while minimizing the reconstruction error. Note that both methods

consider an entire sequence of observations, say DER™*P  such that X =Dio.p—1] and
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Y =Dy, thereby making the assumption that all measurements belong to a unique time-
series dataset. In the case of the WLS method, this assumption is necessary and the method
fails dramatically for datasets with disjoint windows of time, as I demonstrate in the

results section. CG and SOC, on the other hand, do not require contiguous observations.

9.1.2. Subspace Methods

For high-dimensional LDSs, such as in the case of image reconstruction, it is computationally
prohibitive to learn a state transition matrix. Even for small images of size 100x100
pixels, the dimensionality of the state transition matrix A would be 100*. For such
high-dimensional systems, models are obtained using subspace methods that reduce
the dimensionality of the learning task. Subspace methods for learning LDSs typically
use singular value decomposition (SVD) on the original dataset [213] decomposing the
observation matrix D ~ ULVT, where r<N is the subspace dimension, Y€RN*" and
VERP*" are orthonormal matrices and X={o71,...,0, }R"*" contains the r largest singular
values. Then, the learning optimization is performed on the reduced observation matrix

D,=XVT where Xy=D,[o.p—1) and Yr=D, 1. U is used to project the solutions back to

r[l:p
the original state space. For a more complete description of the subspace method, the

reader can refer to [214,215].

9.2. SOC Algorithm

The optimization problem for finding stable LDSs has traditionally only considered

solving for a stable matrix A that minimizes the reconstruction loss. In this work, I
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formulate the objective as
A A 1
: AB]= inf Z||[Y-AX-BU|?
(9.5) [A.5l= inf Sl UllE,

to expand the solution space and solve both for a stable state matrix A and a matrix B. I

denote the least-square solution for the control system by [As, Bys]=Y -[X;U]T.

9.2.1. Optimization Objective and Gradient Descents

The proposed algorithm uses a recent characterization of stable matrices [212]. Specifically,
a matrix A is stable if and only if it can be written as A=S"10OCS, where S is positive
definite, O is orthogonal, and C' is a positive semidefinite contraction (that is, C' is a
positive semidefinite matrix with norm less than or equal to 1). Using this property, I
formulate the optimization problem as

1

(9.6) [A,B]= inf
S>0,0 orthogonal,C'=0,]|C||<1 2

Y -S~t0CSX—-BU|3,

where A=510CS. 1 then derive the gradient directions with respect to the four matrices

S,0,C, and B as follows:

(9.7) Vsf(S,0,0,B)=S"TEXTSTcToTs T —cToTsTExT
(9.8) Vof(S,0,0,B)=—S TEXTSTcT
(9.9) Vef(S,0,0,B)=—0T s TEXTST

(9.10) Vsf(S,0,0,B)=—EUT
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where E=Y —S710CSX—BU and I use a gradient descent algorithm to reach a local
minimum of the reconstruction cost. The derivation of the gradients is presented in
Appendix A.7. Note that, contrary to CG and WLS that search stable LDS in Sy p,,
by iterating over only A, my algorithm updates both linear matrices A and B, thereby
expanding the feasible solution space to S4 g, where Sy pDS4, p,,. Henceforth, I refer to

the proposed algorithm as SOC.

9.3. Experiments

I implement LS, CG, WLS, and the proposed SOC method for learning LDSs and
compare their performance on dynamical systems with and without control inputs. For
systems without inputs, I focus on learning dynamic texture from frame sequences extracted
from videos using standard benchmark datasets [216-218]. For systems with inputs, I use
experimental data from the Franka Emika Panda robotic manipulator and illustrate the
learning and control performance of all the methods considered. I split the results in three
parts: memory requirements, reconstruction error performance, and control performance.
For an impartial assessment, I perform all comparisons in MATLAB using the publicly
available code of the CG and WLS algorithms'. All simulations are performed using
MATLAB R2019b on a machine with a 14-core Intel E5-2680v4 2.4-GHz CPU with 20GB

RAM.

9.3.1. Memory Usage

First, I compare the three algorithms on memory requirements. For an objective comparison,

I only measure the size of all MATLAB workspace variables created by the algorithms.

Thttps://github.com/huangwh/LDS-toolbox
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50 100 150 200 250 300

dimensions r

Figure 9.1. Memory requirements as a function of dimensions r, where ¢;=8/2%.
CG and WLS scale proportionately to r*, whereas SOC scales proportionately to
r2. For r=150, SOC uses about 5.04 MB, whereas CG and WLS about 3.78 GB.
Due to memory limits, WLS and CG failed to run at higher dimensions.

That is, I consider a matrix with 4 double-precision cells to use 32 bytes. I compare the
algorithms on a sequence of frames extracted from a coffee cup video downloaded from
Youtube?. T use this video because it exhibits dynamical motion and has a sufficient number
of frames to allow for relatively higher subspace dimensions (the SVD decomposition limits
the subspace dimension to be no larger than the number of frames).

The results are shown in Figure 9.1. SOC scales proportionately to r2, whereas both
CG and WLS scale proportionately to r%. At r=150, SOC uses about 5 MB of memory;

CG and WLS use about 3.78 GB of memory and fail to run at higher dimensions due to

memory constraints. Though such high dimensions may perhaps seem out of scope for

2https: //www.youtube.com/watch?v=npkBC4GYodg
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the image reconstruction examples demonstrated next, they can typically occur in the
field of robotics. For example, a recent study [57] used a linear data-driven Koopman
representation with dimensions r=330 to identify and control a pneumatic soft robotic
arm. For this dimension, WLS and CG would require about 88 GB of memory and SOC
would need about 25 MB. As a result, only SOC would be able to successfully train
a stable Koopman model on a standard personal laptop and, as I show in the control
performance section, failing to impose stability on the learned model can lead to unsafe

robot movements.

9.3.2. Error Performance

To measure the predictive accuracy of the learned representations, I use three benchmark
datasets: UCLA [216], UCSD [217], and DynTex [218]. The UCLA dataset consists
of 200 gray-scale frame sequences that demonstrate 50 different categories of dynamic
motion (e.g. flame flickering, wave motion, flowers in the wind), each captured from 4
different viewpoints. Every frame sequence contains 75 frames of size 48x48 pixels. The
UCSD dataset consists of 254 frame sequences showing highway traffic in different weather
conditions. Each sequence contains between 42 and 52 frames of size 48x48 pixels. For
the DynTex dataset, I use 99 sequences from 5 groups of dynamic texture (smoke and
rotation from the Beta subset and foliage, escalator, and flags from the Gamma
subset) that exhibit periodic motion. The frames are of size 352x288 pixels. I convert
the frames to grayscale and use the bicubic interpolation algorithm implemented in the
Python library pillow to scale down the frames without ratio distortion down to 48x39

pixels. Each DynTex sequence contains between 250 and 1576 frames.
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Figure 9.2. Learning performance of CG, WLS, and SOC for varying subspace
dimensions performed on three datasets: UCLA, UCSD, and DynTex. In all cases,
SOC has the highest best error frequency, has lower average error and, in terms
of execution time, scales better than the other methods.

As explained in Section 9.1, the dimensionality of images can be prohibitively high and
cause slow computations or memory failures: the transition matrix for an image of size as
small as 48 x48 pixels would require hundreds of TBs for CG and WLS to run. For this
reason, [ use subspace methods to reduce the problem dimensionality. For each dataset, I
consider a set of subspace dimensions r€{3,30}. Then, for each dimension, I use the four

methods (LS, CG, WLS, and SOC) to obtain an LDS for each of the frame sequences. To
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compare the performance of the four algorithms, I use the reconstruction error relative to
the LS solution: e(ﬁ):%xlm.

I report the results in Figure 9.2 and focus on three metrics: best error frequency,
average reconstruction error, and execution time. The best error plots the percentage of
frame sequences for a given dimension for which an algorithm computed the best relative
error (that is, lower than or equal to the other two methods). The average error and
time plots show the average reconstruction error and average execution time of all frame
sequences for each dimension, respectively.

The results demonstrate certain patterns that are present in all datasets considered.
First, SOC computes the best error for more frame sequences than the other methods
across any dimension. In the UCLA and UCSD datasets, the SOC best error frequency
reaches 100% for the majority of the dimensions; compared to less than 80% (for UCLA)
and 40% (for UCSD) shown by both of the other two methods. This means that, for the
aforementioned datasets, CG and WLS almost never find a better solution than SOC.
While for the DynTex dataset the differences are not as pronounced, SOC still computes
the best error the majority of the time and about 20% more often than each other method.
Second, SOC has orders-of-magnitude lower average relative error across all dimensions
and datasets. Last, in terms of the execution time, SOC is slower than CG and WLS
for low dimensions (r<20). However, it scales better than the other two methods, such
that it becomes faster than CG for r>20. For the UCSD dataset, SOC and WLS become
comparable in terms of average execution time near n=30. This observation is in line with
the fact that CG and WLS are high space-complexity algorithms that may even fail to

perform at high dimensions due to memory limitations.
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SOC CG WLS| SOC CG WLS
steam (r = 20) steam (r = 40)
| 1 I 1 i i i
o1 1.06 1.03 1.07 1.10 1.03  1.10
e(A) | 12.32 28.05 24.94| 5.59 2490 21.27
time | 0.36 0.22 053 | 1.48 9.76 15.82

fountain (r = 20) fountain (r = 40)
[ 1 I 1 I 1 1
o1 1.11 1.00 1.11 1.43 1.01 143

e(4) | 0.001 1.07 0.004|0.0005 2.97 0.0007

time | 1.52 048 0.18 | 3.18 1540 0.84

Table 9.1. Performance on steam and fountain sequences from the MIT database.

Training

Data
f—500 f—1000 f=100

w | I s
. ’E.ay .
- [

Figure 9.3. Synthesized sequences generated by LS, SOC, CG, and WLS for r=40.

Next, I compare the three methods on the steam sequence (composed of 120x 170 pixel
images) and the fountain sequence (composed of 150x90 pixel images) from the MIT
temporal texture database [219]. Results are shown in Table 9.1. To show the effect on
the predictive quality of the solutions, I plot the frames reconstructed from the learned
LDS for each method in Figure 9.3. Next to the steam and fountain frame sequences, I

add the coffee cup sequence used in Figure 9.1.
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Figure 9.4. From left to right: simulation environment, physical robot, and
experimental training data.

9.3.3. Control

In this section, I demonstrate the superior performance of SOC in control systems. Using
experimental data gathered from the robotic arm Franka Emika Panda, I illustrate
the improvement in both the reconstruction error of the learned model and the control
performance. To use CG and WLS to compute a stable A, I use the LS solution for the

control matrix and modify the objective to
(9.11) A=inf L[V~ AX|2
' AES2 £

where Y'=Y —B;,U. The learning performance of the algorithms is then measured as the
% error increase when compared to the LS solution (A;s,B;s). Note that this error depends
both on A and B; for WLS and CG, I use the LS solution for the control matrix B=B;,
whereas SOC computes both A and B.

I collected training data on the experimental platform at 50 Hz, using a controller to
manually move the robotic arm. I gathered 400 measurements (8 seconds) in eight separate

runs. The training data, along with the experimental and simulation environments used
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Measurements | 50 75 100 150 200 300 500
SOC 0.01 | 0.56 | 0.0001 | 0.06 | 0.05 | 0.09 | 0.05

CG 50.14 | 32.77| 11.66 - - 1.40 | 0.23
WLS 17.00 - - 124.01 | 36.63 | 25.17 | 42.01

Table 9.2. Errors of stable LDS using experimental data from the Franka Emika
Panda manipulator.

in this section are shown in Figure 9.4. Table 9.2 compares the performance of the SOC,
CG, and WLS algorithms on learning stable models for the Franka Emika Panda robotic
manipulator using experimental data. The performance is compared for different numbers
of measurements p. As the data show, SOC is the only algorithm that never fails to
find stable solutions, regardless of the amount of training data. As more measurements
are used, the LS solution itself becomes more stable and CG and WLS are both able to
converge to stable solutions. Further, the quality of CG solutions improves with more
training measurements; the performance of SOC remains robust throughout the testing
cases.

In Figure 9.5, I plot the reconstruction error for the three methods for different training
data sizes. In this setting, however, measurement sets (z:,y;,u;) are randomly drawn
from the training data such that the matrices Y and X have discontiguous measurements.
Note how such a choice worsens the performance of WLS that assumes continuity in the

observation matrices. On the other hand, CG and SOC are similar in learning performance.

With regard to controlling the system, I use LQR control computed using the models
from each algorithm and simulate tracking a figure-8 pattern. The states are the x,y,z
coordinates of the end effector, the 7 joint angles of the arm, and the 7 joint angular

velocities. The trajectory is generated in the y—z plane for the end effector; the desired angle
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Figure 9.5. Control performance in simulation using experimental measurements
from the Franka Emika Panda robotic arm. The left figure shows the reconstruc-
tion error of the learned models for a varying number of measurements sampled
randomly from the training set; the middle figure shows the performance of the
controllers after training with 100 measurements sampled randomly (2 seconds
worth of data); the right figure shows the control performance of SOC after
manually introducing disturbances to the position of the end effector.
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Figure 9.6. Experimental tracking of a figure-8 pattern using the Franka Emika
Panda robotic manipulator. The left figure shows, from top to bottom, snapshots
of the control maneuver; the rest figures show the trajectories of three trials. The
three trials are almost identical, showing the robustness of the method. The
applied control is computed with an LQR policy using the stable LDS system
obtained from the SOC algorithm. The training data are obtained using 600

measurements.

configurations of the robotic arm are solved offline using inverse kinematics; the desired

angular joint velocities are set to 0. LQR control is generated using Q=diag([c;])€R"™*17,

where ¢;=1 for i€{1,10} and 0 elsewhere and R=0.1xI7x7.

The LS model is unstable and fails at the task. Similarly, WLS—despite the stable

model—performs poorly, highlighting the need for both stability and fidelity of the learned

representation. On the other hand, CG and SOC are similar in performance.
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To measure robustness across the initial conditions, I run 50 trials, varying both the
y and z initial positions with displacements sampled uniformly in ¢/ (—0.1,0.1). Across
all trials, LS has an average error of 7556, WLS scores 38.73, CG scores 0.0810 and SOC
scores 0.0799.

Then, I test LQR control computed on the LDS obtained from the SOC algorithm in
an experiment to demonstrate that the simulation results are indicative of the performance
in a physical experiment. Figure 9.6 shows the control performance of three trials tracking
a figure-8 pattern. Due to COVID-19 limitations, I were unable to extend the experimental
tests. However, these results serve primarily to experimentally validate the SOC algorithm
and illustrate that the simulation results are an accurate prediction of the experimental

behavior as well.

9.4. Discussion

In this work, I introduce a novel algorithm for computing stable LDSs. Compared to
the current top-performing alternatives, the proposed scheme is significantly more memory-
efficient and, as a result, scales better for high-dimensional systems often encountered in
image processing and robotic applications. Further, the suggested method outperforms
the alternatives in terms of the error and control performance, as demonstrated on three
benchmark datasets and the Franka Emika Panda robotic arm experiments. These
features make it a promising tool for compression and data-driven system identification
tasks. Coupled with the ongoing research around Koopman-operator-based nonlinear

control, this algorithm can be a promising candidate for high-dimensional nonlinear control.
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The proposed method can improve robotic tasks that are safety-critical, particularly
those that include a human-in-the-loop (such as rehabilitation devices and prosthetics)
where the human-robot interaction dynamics are not known ahead of time. For such tasks,
a robotic platform prioritizes stability and safety during operation. Unstable data-driven
models may lead to catastrophic robotic behavior, as I demonstrate in simulations with the
Franka Emika Panda robotic arm. This work provides a mechanism for online learning of
models that satisfy stability constraints, improving the safety and reliability of closed-loop

control of those systems.
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CHAPTER 10

Learning Stable Models for Prediction and Control Using

Koopman Operators

This chapter demonstrates the benefits of imposing stability on data-driven Koopman
operators. The data-driven identification of stable Koopman operators (DISKO) is
implemented using the algorithm derived in Chapter 9 that computes the nearest stable
matrix solution to a least-squares reconstruction error. As a first result, I derive a formula
that describes the prediction error of Koopman representations for an arbitrary number of
time steps, and which shows that stability constraints can improve the predictive accuracy
over long horizons. As a second result, I determine formal conditions on basis functions of
Koopman operators needed to satisfy the stability properties of an underlying nonlinear
system. As a third result, I derive formal conditions for constructing Lyapunov functions
for nonlinear systems out of stable data-driven Koopman operators, which I use to verify
stabilizing control from data. Lastly, I demonstrate the benefits of DISKO in prediction
and control with simulations using a pendulum and a quadrotor and experiments with a
pusher-slider system. The chapter is complemented with a video: https://sites.google.

com/view/learning-stable-koopman.

10.1. Stable Koopman Operators

In this section, I derive the error induced by approximate Koopman operators over an

arbitrary number of time steps into the future. I then use the error expression to motivate


https://sites.google.com/view/learning-stable-koopman
https://sites.google.com/view/learning-stable-koopman
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Figure 10.1. Local and global errors (in time) induced by approximate Koopman
operators. The local error considers the accuracy of the model across a single
time step; the global error considers the accuracy of the model across all time
steps and is a more representative metric of long-term accuracy, assuming states
are not updated in every time step.

imposing stability on the operators, sometimes even in cases when the underlying system

is unstable. Then, I present conditions on the basis functions that are consistent with

stable Koopman operators. Last, I demonstrate how to construct Lyapunov functions

using stable data-driven Koopman operators.
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10.1.1. Global Error of Approximate Koopman Operators

10.1.1.1. Notation. At time to-+nAt, I use ¥ (s(to+nAt)) to indicate the true value of
the basis function evaluated with the true state value s(to+nAt) and ¥, to indicate the
approximate solution, where n€Z™ indicates the number of time steps into the future. I
use e, to be the local error at the nth time step induced by the approximate Koopman

operator K4, that is

(10.1) en="Y (s(to+nAt))—Kq¥ (s(to+(n—1)At)),

which assumes that the Koopman operator propagates the true value of the basis functions
from the previous time step. Similarly, I use E, to refer to the global error at the nth

time step:

(10.2) E =Y (s(tg-+nAt))—KI¥ (s(to)),

which, for n=1, matches the local error (10.1). However, note that the global error (10.2)
is not an accumulation of the local errors (10.1): E,#> "e;. The difference between local
and global error is illustrated in Fig. 10.1.

10.1.1.2. Derivation of Global Error. Consider the true solution at some time step

to+nAt, which can be written using (10.1) as

(10.3) Y (s(to+nit))=Kq¥ (s(to+(n—1)At))+ey.
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Similarly,
(10.4) Y (s(to+(n—1)At))=Ks¥ (s(to+(n—2)At))+en—1.
Plugging (10.4) into (10.3)

(10.5) ¥ (s(to+nit))= Ka(Ka¥ (s(to+(n—2)At))+en 1) +en

(10.6) = K2¥ (s(tg+(n—2)At))+Kgen_14en.

Recursively expressing the solution in terms of the true values of the basis functions in

the previous steps and the corresponding local error yields

n—1
Y (s(to+nAt))=K7¥ (s(to))+ > Kyen—i.
=0
Therefore, using (10.2), the global error at top+nAt is

n—1
En:Z’Céenfi-
i=0
10.1.1.3. Global Error Bound. Next, I compute a bound for the global error bound.
I use an induced norm that satisfies the properties of triangle inequality (||A+B||<

|A|l+]|B]|), subordinance (||Az||<||Alll|z|]) and submultiplicativity (||[AB|<||Al-||B]),
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such that
n—1
1Ball= I Reni
1=0
n-1
(triangle inequality) <> K Gen—ill
1=0
n—1
(subordinance) < IKG N len—l
1=0
n-1
(submultiplicativity) | En ]| <Y Kl len—ill-
1=0

Assuming that the local error is bounded, that is there exists ||€mqz|| such that [|e;]|<

lemaz|| V i€[1,n], T can simplify the upper bound to the global error to

n—1

(10.7) 1 Enl|<llemaz|l- Y I1Kall"
i=0
Note that
|emaz | =0<=|| E4r =0,

which is true for invariant subspaces.

From (10.7), if K4 is unstable, then the power of the matrix norm diverges as the
number of time steps increases. This means that an unstable K4 amplifies exponentially
even small errors and thus renders the long-term prediction of the Koopman representation
impractical. Instead, I propose that one should use a stable operator that generates similar
local errors, but which also has the additional benefit of numerical stability over long-term

predictions. Note that it is possible that such a stable operator can generate similar local
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errors even for unstable dynamics. In fact, later in Section 10.3, I show an example where
a stable operator improves stabilization of a quadrotor that is unstable.

Note that the eigenvalue profile of the Koopman model can be at times misleading in
terms of bounding the power of the operator, because the upper bound can be itself large,
as is pointed out in [220-222]. Such scenarios are shown to occur for moderately large
dimensions of the operator (IWa100) and do not apply in the examples of this chapter.
Exploiting the conditions that prevent large error growth in the transient response of
a system, which is related to the strong stability property [223], for high-dimensional

operators is left for future work.

10.1.2. Stability-Based Conditions for Koopman Basis Functions

Given the importance of the spectral properties of the Koopman operator on the accuracy
of long-term predictions, I next consider the implications of stability on the choice of basis
functions. Specifically, I relate the stability properties of original nonlinear dynamics to
the stability properties of the Koopman representation and present necessary conditions
for the basis functions so that they are consistent with dynamics that have a stable (or
an asymptotically stable) equilibrium. Although in practice one can impose stability on
arbitrary Koopman models, choosing basis functions that are not consistent with stable
dynamics could lead to unstable representations and worse training errors. I present the
analysis for continuous-time dynamics, which are arguably the default expression, but

equivalent relationships can be extended to the discrete-time case.
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Consider a nonlinear dynamical system with states s(¢)€S and dynamics of the form

(10.8) ;és@):f(s@))

with associated Koopman dynamics given by

(10.9) (i?@@»:KT@@D.

If the two representations (10.8) and (10.9) are equivalent throughout the state space,
that is, they evolve the dynamics in identically the same way, then I argue that certain

properties must be true.

Definition 3. For a nonlinear dynamical system (10.8) and an equivalent Koopman

representation (10.9), the following are true:

(1) A trajectory s*(t) is an equilibrium for the nonlinear dynamical system (10.8) if
and only if it is an equilibrium for the equivalent Koopman dynamics (10.9). That

f(s™())=0<=f(¥(s"(t)))=0.

(2) A trajectory s*(t) is Lyapunov stable for the equivalent nonlinear dynamical system
(10.8) if and only if it is Lyapunov stable for the Koopman dynamics (10.9). That

is, there exist €5>0 and eg>0 such that

Is(t)||<es<=|¥:(s(t))||<ey V¥ icZ T t>0.
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(3) A trajectory s(t) is asymptotically stable in a region of the state space DCS for the
nonlinear dynamical system (10.8) if and only if the equivalent trajectory ¥ (s(t))
is also asymptotically stable in D for the Koopman dynamics (10.9). That is,
given s(0)€D,

lim s(¢)=0<= lim ¥ (s(¢))=0.

t—00 t—00

Note that the conditions on the Koopman basis functions in Definition 3 consider
equivalent Koopman representations and nonlinear dynamics. These conditions need to be
satisfied even for approximate Koopman operators in order for the Koopman representation
to be consistent with the stability properties of the original system. Next, I use Definition
3 to relate the stability properties of the original nonlinear dynamics to the properties of
a Koopman operator and its associated basis functions. Using this relationship, I derive
necessary conditions for both the operator and admissible basis functions associated with
stable nonlinear systems.
10.1.2.1. Conditions on Koopman Operators for Stable Systems. First, I derive
stability properties for a Koopman representation that is consistent with its associated

original stable, in the sense of Lyapunov, system. The analysis rests on Assumption 8.

Assumption 8. All states s(t)€RY of a nonlinear dynamical system (10.8) remain

bounded for all t. That is, for some €0, ||s(t)||<e for all t>0.

B only constraint the norms of each individual basis function, instead of the norm of ¥, to be bounded
due to the fact that, for an infinite-dimensional Koopman operator, the sum of norms of basis functions
that are individually bounded could still be infinite.
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Next, I prove that only a stable Koopman operator can accurately represent nonlinear

dynamics that are Lyapunov stable.

Definition 4. Consider a nonlinear dynamical system (10.8) with bounded states
s(t)eRN. I define D.CS as a region of the state space such that, if ||s(t)||<e, then

s(t)ED. for all t>0.

Theorem 4 (Lyapunov Stability). Consider a nonlinear dynamical system (10.8) and
an equivalent Koopman representation (10.9). The solution s(t)=0 is a Lyapunov stable

equilibrium if and only if the Koopman operator K is stable.

PRrROOF. From Definition 3, s(¢)=0 is a Lyapunov stable solution for the nonlinear
dynamics if and only if it is also a Lyapunov stable solution for the Koopman dynamics

(10.9):

(10.10) ()| <es<=|Fi(s(t))||<ey, t>0.

From the definition of stability for linear state space models, ¥(s(t))=0 is a Lyapunov
stable equilibrium for the Koopman dynamics (10.9) if and only if K is stable, specifically

Re[\;| <0, for each eigenvalue \; of the operator . That is,

(10.11) 19, (s5())]|<eg==Re[\;]<0, >0

Then, from (10.10) and (10.11), s(¢)=0 is a Lyapunov stable solution for the nonlinear

dynamics if and only if IC is stable:

|s(t)||<es<=Re[\;]<0, ¢>0.
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Theorem 4 proves that a Koopman operator that accurately represents a Lyapunov
stable nonlinear system must itself be stable. Therefore, even approximate Koopman
operators must satisfy this condition in order to satisfy the stability properties. Given a
part of the state space D, that bounds all trajectories s(¢) of the nonlinear system that
start within D,, a Koopman operator trained with measurements from D, should be stable
(see Theorem 4).

Even when no finite-dimensional Koopman representation can capture the nonlinear
dynamics with full fidelity, the approximate operator should be stable such that the system
states do not grow unbounded and exit D.. Therefore, it is a necessary and sufficient
condition that the Koopman operator is stable.?
10.1.2.2. Conditions on Koopman Operators for Asymptotically Stable Sys-
tems. Next, I derive stability conditions for a Koopman representation that is consistent
with its associated asymptotically stable system. The analysis rests on Assumption 9 and
further assumes that all states of a nonlinear dynamical system (10.8) lie inside a domain

of attraction DyCIRY, formally defined in Definition 5.

Assumption 9. The nonlinear dynamical system (10.8) has a single asymptotic

equilibrium.

2Note that the notion of global stability is considered only in the sense of asymptotic stability and not
Lyapunov stability. The system states, even when unbounded, always lie inside RY. Considering the
entire (infinite) state space as a region of stability, that is D.=R", all nonlinear dynamical systems can
be thought of as globally Lyapunov stable, a property that caries no meaning.
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Definition 5. Given a nonlinear dynamical system (10.8) and an asymptotically stable
solution s(t)=0, the domain of attraction is

Do={soeD:if 5(0)=sg, then Jim s(t)=0}.

— 00

Note that for multiple asymptotic equilibria, there need to be separate regions of
attractions, which must in turn be represented by separate Koopman operators. In this
work, I focus on obtaining a single Koopman operator consistent with a single asymptotic
equilibrium. For many systems, due to the presence of friction, this can often be represented
as the zero-velocity state. For nonlinear systems with multiple equilibria points, one can
use work in [224] to obtain multiple local Koopman representations.

Next, I prove that only a Koopman operator that is Hurwitz (all eigenvalues are strictly
in the left half-plane) satisfies the stability properties of nonlinear dynamics that are

asymptotically stable.

Theorem 5 (Asymptotic Stability). Consider a nonlinear dynamical system (10.8) and
an equivalent Koopman representation (10.9). The solution s(t)=0 is an asymptotically

stable equilibrium if and only if the Koopman operator K is Hurwitz.

PROOF. From Definition 3, s(¢)=0 is an asymptotically stable solution for the nonlinear
dynamical if and only if it is also an asymptotically stable solution for the Koopman
dynamics (10.9). That is,

lim s(t):0<:>tlim Y (s(t))=0.

t—00 —00
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From the stability properties of linear systems, ¥(s(¢))=0 is an asymptotically stable
solution for the Koopman dynamics (10.9), if and only if K must be Hurwitz. That is,

lim ¥(s(t))=0<=Re[\;]<0, ¢>0

t—o00

for each eigenvalue \; of the operator K. Then, s(¢)=0 is an asymptotically stable solution
for the nonlinear dynamics if and only if the Koopman operator K of the associated
Koopman dynamics is Hurwitz. That is,

lim s(t)=0<=Re[\;]<0, ¢>0.

t—o0

Definition 3 and Theorems 4 and 5 present conditions for a Koopman representation,
specifically on admissible basis functions and the operator itself, that is consistent with
the stability properties of the associated underlying nonlinear system. In practice, one can
compute a Koopman operator for any choice of basis functions. However, the stability-
related constraints on the admissible basis functions can indicate which basis functions
are consistent with stable Koopman operators. I argue that using basis functions that
violate these conditions and are inconsistent with stable dynamics would generate unstable
Koopman operator solutions or, if stability is enforced on the operator during learning as
is the focus of this work, would lead to higher training error. As I show next, this becomes
problematic as bounding the training error is of central importance in the construction of

Lyapunov functions, which I show next.
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10.1.3. Lyapunov Functions Using Stable Koopman Operators

Given a stable operator, it is possible to design Lyapunov functions for nonlinear systems
using the data-driven Koopman matrix. Consider an approximate finite-dimensional
Koopman representation that is equivalent, based on Definition 3, to general dynamical

systems (10.8) such that

(10.12) S (5(1)) =K (1)) +e(¥(5(1)).
where
(10.13) e(¥(s(1))) = (¥ (s(t)—K¥ (s(t))

is the residual error. If K in (10.12) is stable, I can design Lyapunov functions for the

nonlinear dynamics, as I prove in Theorem 6.

Theorem 6. Consider a Koopman representation (10.12) of a nonlinear dynamical

system. Further assume K is stable. Let

ag)\mm(Q) _2)\max(P)a

where Q>0 and P>0 are a solution to the Lyapunov equation

(10.14) KT P+ PK+Q=0.
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If

(10.15) le(¥(0))[l2=0

and

(10.16) leC¥ (s(t)))la<al[¥(s())ll2 V ¥ (s(t)) €D CS,

then, the zero solution ¥ (s(t))=0 to the nonlinear dynamics is asymptotically stable in

Dy. Further, V=Y (s(t))T PY(s(t)) is a Lyapunov function in D, .

ProOF. Consider a candidate Lyapunov function V=7 (s(t))P¥(s(t)). Taking the

time derivative,

d AV (¥(s(t)) ¥ (s(t))
GV ="

=¥ (s(1)" PF(¥(s(t))+f(¥(s(t)) P¥(s(t))
=¥ (s(8))" PICY (s(t)) +e(¥ (s())]H[¥T K +e(¥ (s(1))) "] PE (s(t))

=¥ (s(t))T(PR+RTPY¥ (s(t))+2¥ (s(t))T Pe(¥ (s(1))).

Given that K is stable and Q>=0, then there always exists a (unique) solution P>=0 to

the Lyapunov equation. Thus,

PR+KT"P=—Q
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such that
;tV(‘F(S(t)))Z—‘P(S(t))TQ‘P(S(t))+2‘1’(8(t))TP€(‘Y(S(t)))'

Note that —¥ (s(¢))T QY (s(t)) <—Amin(Q)|[¥(s(¢)) |3 and using the Cauchy-Schwartz

inequality [225], it follows that

CZV(T(S(t)))S—Amm(Q) ¥ (s(E))13422maz (P ¥ (s (1) ll21€(¥ (s(1)))l2-

Then, using (10.16), I can rewrite

iV(‘I’(S(?ﬁ)))S—(Amm(Q)—M/\max(P))H)H‘P(S(t))!@ V ¥ (s(t))€DaCS.

Choosing aﬁﬁ’:ﬁ;‘w((QP)), then

SV (¥(s(1)))<0 ¥ ¥(5(1))€Ds

such that the system (10.12) is stable in D, about ¥(s(¢))=0. Further, for a<2)/‘\%w(83)),
d

%V(‘F(s(t)))<0 € D, and the system is asymptotically stable in D, about ¥(s(t))=

0.

O

Theorem 6 makes it is possible to design Lyapunov functions for nonlinear systems
that are valid in a region D, of the state space where the modeling error of the Koopman
operator is bounded (10.16). This highlights the importance of choosing appropriate basis
functions that satisfy the stability conditions outlined in Definition 3 and the conditions
in (10.15) and (10.16). Further, Theorem 6 makes it possible to design control-Lyapunov

functions that can be used to verify stabilizing feedback laws from controlled measurements
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in a region D, (10.16) for data-driven systems. In Section 10.3, I present a few examples
of verifying the stability of controlled systems using Lyapunov functions constructed from
stable data-driven Koopman operators, but leave more sophisticated analysis for future
work.

Section 10.1 shows that stable Koopman operators can improve long-term predictions
and help construct Lyapunov functions. I also present conditions on admissible basis
functions for stable Koopman models to match the stability properties of the operator and
improve the training error. However, in practice, data-driven Koopman operators can be
unstable even if the modeled dynamics are stable and even if appropriate basis functions
(as described in Definition 3) are used. For this reason, next in Section 10.2 I next present

the first framework for data-driven identification of stable Koopman operators (DISKO).

10.2. Synthesis of Stable Koopman Operators

This section presents the methodology used for the Data-driven Identification of Stable
Koopman Operators (DISKO). There are several candidate algorithms that can compute
a stable solution to the optimization in (10.17). In this chapter, I use the gradient-descent
algorithm presented in Chapter 9 (referred to as SOC) to find locally optimal stable
solutions K4. The SOC algorithm builds upon the work in [212,226], where the nearest
stable matrix to an unstable one is computed by minimizing the Frobenius norm.

I choose the SOC algorithm because it is shown to outperform the top-alternative
existing algorithms for stable linear dynamical systems in terms of model accuracy, memory
efficiency, and scalability such that it can be used for feedback control of higher-dimensional

systems when the other methods fail.
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10.2.1. Stable Least-Squares Koopman Operators

To compute a stable Koopman operator, I first convert the optimization (10.17) to a

different formulation that is suitable for the SOC algorithm.

Proposition 10. Consider P measurements of states s€RYN and basis functions

Y(s(t))eRY. Given X and Y such that

Y (s(t1),u(t))” ! Y (s(t1+At),u(ti+At))T !

X= : and Y=

Y(s(tp)u(tp))” Y (s(tp+At)u(tp+At))T
Then, the expression
L1
c 2
251\‘1’(8 bt Ot) ulty+4t)) = Ka¥ (s(te) ultr)) |
s equivalent to
1 - 2

where XY ERW*P KqeRW*W ||| p is the Frobenius norm of a matriz and SSV’W is the

set of all stable matrices of size W xW.

PROOF. See Appendix A.8. ]

From Proposition 10, seeking stable Koopman operators for

1 .
(10.17) inf Y —KaX||%,
Kqesl W2 g
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is equivalent to seeking stable solutions for (7.4). Note that solving (10.17) is not equivalent
to projecting the unconstrained Koopman solution (7.4) to the stable set of matrices. That
is,

. 1 ” 2 : e * 12
(10.18) inf | SIIY—KaX|p7 inf  ClKe—KallE.

K4€8) Kaesy
Projecting an unstable solution of (7.4) to the stable set results in a matrix that is stable
but often with much greater fitness error than the solution to (10.17), as I demonstrate
with examples later in Section 10.3.

The SOC algorithm uses the property that a matrix A is stable if and only if it can be
written as A=S"10OCS [226], where S is invertible, O is orthogonal, and C is a positive
semidefinite contraction; its singular values are less than or equal to 1. Then, I reformulate

the optimization (10.17) such that

1 - 1
inf ||V —KyX||%= inf ~ly—s~tocsx|%.

K 5W7W2 S>—0,Uorthogonal,C’iO,HC’Hgl,B2

FAS d

Algorithm I Data-driven Identification of Stable Koopman Operators (DISKO)

Input: ¥ (t),¥.(t) > Choice of basis functions
Output: Stable Koopman model

1: while k<k, 4 do

2: | Collect new state and control measurements s(t),s(t,+At), u(ty)

3: | Evaluate basis functions ¥s(s(tx)),¥s(s(tx+At)),¥u(tr)

4: ‘ Update G, A, Xy, Yy, Uy > Preserve memory space
5. | Run SOC algorithm > Compute stable Koopman dynamics (7.9)
6: end while

When considering systems with inputs, instead of imposing stability on the Koopman

operator that propagates both state- and input- dependent basis functions, I use the
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Koopman dynamics shown in (7.9) and impose stability only the state transition matrix

A. Then, the optimization problem becomes

1

(10.19) [A,B]I inf —
S>0,U orthogonal,C>0,||C||<1,B2

|Y-S~t0oCSX—-BU|%,

where X, Y €eRWs* include the measuremets of the state-dependent Koopman basis
functions ¥(s(t)) and U€R"W«*F include the measurements of the control-dependent
ones ¥, (u(t)), similar to the form shown in proposition 10. Note that for linear systems
with inputs, the stability properties described in Section 10.1 apply to the state-transition
matrix A shown in (7.9). In the rest of the analysis, one can simply set B=0 for systems
without inputs. For details on how the SOC algorithm can solve either (10.17) or (10.19),
I refer the reader to Chapter 9 and the publicly available code.
Let f(S,O,C,B):%HY—S‘lOCSX—BUH%. The gradients with respect to S,0, and
C are derived in Chapter 9 and rewritten here in a more compact form as
Vsf(S,0,C,B)= S~ T[vAT —ATY)]
Vof(S,0,0,B)=—Ss-TysTct
(10.20)
Veof(5,0,0,B)=—0T s TysT
Vef(S,0,C,B)=—(Y—-AX-BU)UT
where A=S"10CSERWY**Ws and V=(Y —~AX—~BU)XTcRW=*Ws_ The gradients (10.20)

depend on X, Y, and U, which contain a history of all the basis functions measurements

and can slow down the computation over time, as increasingly more data are collected.

3https: //github.com/MurpheyLab/MemoryEfficientStableLDS


https://github.com/MurpheyLab/MemoryEfficientStableLDS

204

To speed up the computation as well as preserve memory space, I use the relation-
ships X XT=GeRWs*Ws Y XT=AcRW*Ws  XUT =Xy eRY=*Wu YUT =Y, eRWs*Wu,
and UUT=UpeR"«>*Wu (derived in Appendix A.9) such that V=A—AG—BX} and
Vpf(5,0,C,B)=—Yy+AXy+BUy. Then, the gradient directions can be incrementally
updated with new measurements and preserve memory space. The algorithmic steps of

the DISKO framework are presented in Algorithm I.

10.3. Results

In this section, I demonstrate the benefits of DISKO in prediction and control. First, I
consider systems without inputs and show the effect of imposing stability on the prediction
accuracy. I first compare the solutions of the proposed SOC algorithm to the method [212]
that does not consider the least-squares fitness error when projecting the matrix to the
stable set of solutions. Then, I compare the evolution of nonlinear dynamics using the

unconstrained and stable Koopman models, shown in (7.4) and (10.17), respectively.

10.3.1. Least-Squares vs Nearest Stabilization

I demonstrate the difference between projecting an unstable matrix to the nearest stable
solution (nearest stabilization) and solving for a stable matrix while also optimizing for

the reconstruction error (least-squares stabilization).
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Consider the randomly generated matrices

0.1419 0.4218 0.9157 0.7922 0.9595
X=10.6557 0.0357 0.8491 0.9340 0.6787

10.7577 0.7431 0.3922 0.6555 0.1712]

8.1472 9.0579 1.2699 9.1338 6.3236

Y=10.9754 2.7850 5.4688 9.5751 9.6489.

1.5761 9.7059 9.5717 4.8538 8.0028

Computing the least-squares solution using (7.4) and then projecting it to the stable set

of matrices using [212] yields

0.0041 —6.6031 5.1709
Ka=110.3449 —1.9480 —0.0590],

11.7192 —6.7149  3.4609

with eigenvalues A={0.87,0.87,—0.22}. The least-squares error using the stable matrix is
1 - 2
and the Frobenius norm from the least squares solution is

1oy -
§HICd—ICdH%:45.98.
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Figure 10.2. Comparison of the SOC (Algorithm I) and CG [4] algorithms as a
function of the total number of random measurements used for training and the
total number of basis functions. The error is normalized by the product of the
number of measurements and functions. In 10.2¢, the difference is calculated as

the percent difference of the error between the two algorithms and is calculated
as fcG=esoc
€soc

On the other hand, directly solving (10.17) generates a different solution

5.6337 —8.2334 11.5883
Ka=114.4877 —5.0863 1.9636

8.3346 —2.8916 1.0662

with eigenvalues A={0.98,0.98,—0.35}. The least-squares error using the stable matrix is
1 c 2
3 |Y =Ky X||7=79.47

and the Frobenius norm from the least squares solution is
1 k(12

As expected, projecting the unstable solution to the stable set and ignoring the least-
squares error fitness generates a solution that is closer, in the Frobenius norm sense, to the

original unstable matrix, but also with greater error compared to the solution of (10.17).
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10.3.2. Comparison to alternative schemes for DISKO

As mentioned earlier, there are many candidate algorithms that can be implemented for
DISKO. To motivate using the SOC algorithm over alternative choices, I compare it to the
constraint generation (CG) approach [4], which has been shown to outperform competing
alternative algorithms.* The two algorithms are compared also in Chapter 9, but not on
randomly generated matrices and not up to such high dimensions.

I compare SOC and CG on finding stable operators that minimize the error in (10.17) for
varying number of basis functions (WW€[2,100] and number of measurements (P€[2,100]).
Data in X and Y are sampled from the uniform distributions U(0,10) and U(0,20),
respectively, where U(a,b) is a uniform distribution and a and b are the minimum and
maximum values. The results are presented in Fig. 10.2. SOC outperforms CG in all
cases, for any number of measurements and functions used. Further, CG does not always
converge to a solution in the allotted time (10 minutes per minimization). Besides the
superior performance in terms of the reconstruction error, the SOC algorithm is also more
memory efficient. In light of these results, I use the SOC algorithm to implement DISKO

in the remaining of this work.

10.3.3. Comparisons of Reconstruction and Prediction Error

Next, I compare the evolution of the nonlinear dynamics of a pendulum (without control)

using the unconstrained solution (7.4) and the stable one (10.17). The states, dynamics,

4The algorithm in [107] does not work well for systems with inputs, as demonstrated in Chapter 9.
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and basis functions used to train the Koopman operator are given by

s—[0.0]7, isz[@,9.81sin(0)—|—ﬂ@]T

¥ (s)=[0,0,sin(0),cos()6,sin(0)cos(f),sin(0)6%7,

where 6,0, and 3 are the angle, angular velocity and damping coefficient, respectively. The
time spacing between samples is At=0.02 s. For simplicity, the time dependencies of the
variables are dropped.

Fig. 10.3 shows the eigenvalues of the two methods and the prediction of the two
solutions for the undamped pendulum (5=0). The prediction associated with the uncon-
strained least-squares Koopman operator diverges away, whereas the states predicted with
DISKO remain bounded and close to the true evolution of the nonlinear dynamics for a
longer amount of time.

Next, I investigate the effect of unstable eigenvalues on the prediction accuracy, as
well as the data-efficiency of the algorithms. Specifically, for 300 randomly sampled initial
conditions, I compare the prediction error for the pendulum angle as a function of the
number of training measurements used to compute a Koopman model. I show the results
in Fig. 10.4 for an undamped and a damped pendulum system.

For both systems, the stable Koopman operator leads to smaller average prediction
error for any number of measurements used for training, as well as lower error variance
than the least-squares, unconstrained solution (7.4), exhibiting better predictive accuracy
and robustness. Further, the large error spikes associated with the unstable Koopman
model around 5 measurements indicate that the unstable solution can be very inaccurate

when trained with few measurements; on the other hand, the predictive accuracy of the
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Figure 10.3. Figure 10.3a shows the eigenvalues of the unconstrained (7.4) and
constrained (10.17) Koopman operator for the nonlinear dynamics of a pendulum.
The constrained operator pushes the unstable eigenvalues to the stability bound-
ary. The stable eigenvalues are also appropriately modified so that constrained
Koopman solution locally minimizes the prediction error (10.17). Figure 10.3b
shows the prediction of the angle of the pendulum system using the unconstrained
Koopman solution (7.4) and the constrained-stable Koopman operator. The
predictions of the unconstrained Koopman operator start to diverge away from
the pendulum states after 1 second.

stable Koopman operator remains almost the same regardless of the size of the training
sample, demonstrating data-efficiency and emphasizing the benefit of DISKO in the low-
sample limit. When few measurements are available, the least-squares solution is prone to
misidentifying the system, but the stability constraints help make the learning process less
sensitive to the amount of training data. The envelope of the standard deviation error of
the unconstrained Koopman is slightly lower than that of the stable solution around 10
training measurements, suggesting that it is possible that the unstable Koopman generates
at times a smaller error and is more accurate. I argue that this is a result of the unstable

Koopman overfitting to certain initial conditions and accurately predicting the evolution
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Figure 10.4. Average angle error, with one-half standard deviation shading, for
the undamped (Fig. 10.4a) and damped (Fig. 10.4b) pendulum dynamics, as
predicted by the unconstrained and the constrained-stable Koopman operator
solutions. For each number of measurements used to compute a Koopman operator,
the average angle error is the average absolute difference of the true system state
(evolved using the nonlinear dynamics) and the system state as predicted by either
Koopman operator over 1 second over 300 initial conditions.

of very few initial states. Last, the unconstrained least-squares solution for the damped
pendulum is always unstable, misidentifying in all cases the true properties of the system.

Next, I use the undamped pendulum system to illustrate how stable Koopman operators
can be used to construct Lyapunov functions and verify the stability of a controller. Using
LQR feedback, I generate a trajectory and use the state measurements and the DISKO
algorithm to compute a stable Koopman operator. I then use the Koopman operator
to construct a Lyapunov function, which I evaluate with the measurements from the
controlled trajectory.

To generate LQR control, T use Q@=diag[1,1] and R=diag[0.01], initial conditions

[00,00]=[7,5] and collect measurements every At=0.1 s. I train a Koopman operator
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Figure 10.5. Candidate control-Lyapunov function constructed from stable Koop-
man operators and evaluated on a LQR-controlled pendulum. The candidate

control-Lyapunov function is used to verify the stability of the controlled trajec-
tory.
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using ¥ (s)=16,0,0%,0% sin(0),sin(0),sin(0)6,sin(0)#]”, which satisfy the stability condi-
tions presented in Section 10.1. I then solve the Lyapunov equation (10.14) using Qg =
diag[1,1,0,0,0,0,0,0] and construct the candidate control-Lyapunov function as V(¥ ((s))=
Y¥(s)TPY(s). The constructed Lyapunov function, rounded to two decimal places,
is V(¥ (s))=1.1602+0.04w?—0.166sin (0) +0.020sin (w) +0.04wsin () +0.06sin () 24-0.040w.
I show the results in Fig. 10.5. The candidate control-Lyapunov function evaluated with
the controlled trajectory of the pendulum satisfies the properties of a Lyapunov function
and shows that the specific trajectory is converging to the equilibrium.

Note that the control-Lyapunov function shown in Fig. 10.5 is used to verify the stability
of the applied controller for the particular trajectory and may not be a Lyapunov function
everywhere in the state space. Rather, one can compute the region of validity based on
Theorem 4 and the modeling errors of the data-driven Koopman operator [227,228]. 1
leave further analysis of Lyapunov functions generated with stable Koopman operators to

future work.

10.3.4. Nonlinear Control Using Stable Koopman Operators

In this subsection, I demonstrate the benefit of using stable Koopman operators for
nonlinear control. By improving the robustness and modeling accuracy of data-driven
models, I argue that stability-constrained models would also lead to improved control
performance.

10.3.4.1. Quadrotor. I first consider stabilizing a falling quadrotor. Using active learn-
ing, which has been shown to enhance learning and the accuracy of identified dynam-

ics [229], T collect training data within the first second of the free-fall. Then, using
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the same training sample, I compute a Koopman model using the least-squares solution
(7.4) and DISKO and develop an LQR policy to stabilize the quadrotor. The system
feedback rate is 200 Hz and the state is partially observed containing only the measured
body-relative gravity vector and the body linear and angular velocities (see [229] for more
detail). The quadrotor dynamics, LQR parameters, and Koopman basis functions are the
same as in [229].

I present the stabilizing performance of the stable and unstable Koopman models in
Fig. 10.6. I consider two prediction horizons (30 and 40 time steps) used in computing the
finite-horizon LQR control and test both approaches using the same 10 uniformly sampled
initial conditions as done in [229]. T use the median score (in log scale) as a performance
metric of the two approaches, because it is not as biased in a case of failure (when states
diverge). Using DISKO, the control is robust and stabilizes the dynamics for both choices
of the prediction horizon, contrary to the unconstrained model that fails when using a
longer prediction window. Even in the 30 time-step horizon, however, where both models
succeed, the stable model leads to a lower median error than the unconstrained model
and has smaller variance. These results show that active learning techniques that enhance
learning are not sufficient to address the challenges of unconstrained data-driven models
and can be further improved through the use of DISKO.
10.3.4.2. Pusher-slider system. Next, I demonstrate the benefits of DISKO using a
pusher-slider system [230-232]. The pusher is a steel rod held tightly by the end effector of
the Franka Emika Panda robot [106] and the slider is a rectangular block with dimensions
15.3x13 cm. The states of the system are recorded at 10 Hz using an overhead camera

and QR codes on the slider. The experimental setup is shown in Fig. 10.7.
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Figure 10.6. Performance of LQR control derived from the stable (10.17) and
unstable (7.4) Koopman operators for the quadrotor dynamics. Both models
use the same training measurements that are collected with active learning. At
the end of the learning phase, the stable Koopman is computed and the LQR
gains from both models are derived. Figures 10.6a and 10.6b show the log error
of the tracking cost for 10 trajectories with the same uniformly sampled initial
conditions. The solid line represents the median score of each approach and the
shaded envelope the lowest and highest cost. Figure 10.6¢c shows a trajectory
using the 40 time-step horizon control. The initial conditions are the same, but
shifted in the x-axis for better visibility.

To train a model, I collected data using a controller to push the block with the end-

effector of the robot. I collected six training sets (200 measurements each) and used the
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data to compute a least-squares unconstrained and a stable Koopman model. The basis

functions used are
‘P(S) = [$7y797py7vnvvp7Sin(9)UTMCOS(H)UTL7Sin(6)vp7cos(9)UpapvaL?Upavnuu]T7

where x,y, and 6 are the world-frame coordinates and orientation of the block, py is the
distance of the slider (end effector of the Franka Emika robot) away from center of the
block and along its pushing side (the slider is assumed to be always in contact with the
block), v, and v, are the normal and parallel velocity of the slider in the body-frame of
the block, respectively, and u€R? is the acceleration input for the body-frame normal
and parallel velocity of the slider. To compare the unconstrained and stable least-squares
models, I forward predict the system with zero inputs (see Fig. 10.8). Given no movement
from the pusher, the block should stay in place. However, the states propagated with the
unconstrained model diverge, as expected for an unstable linear model. On the other hand,
the simulated prediction of the DISKO model barely shows any motion and is consistent
with the expected behavior of the system.

Next, I test the predictive accuracy of the learned DISKO representation against
the training data. Specifically, I use the stable Koopman model to forward-simulate the
pusher-slider system with the controls applied during the experiments and compare it
to the actual trajectories. The results are shown in Fig. 10.9. In all cases, the model
obtained using DISKO generates qualitatively similar trajectories compared to the actual
experiments.

Last, I test the control performance of the DISKO approach. I apply infinite-horizon

LQR control, the gains of which are calculated offline once. The results are shown in Fig.
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Figure 10.7. Experimental setup of the pusher-slider system. The states of
the pusher and the slider are recorded with an overhead camera. The block
configuration is identified using QR labels.
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Figure 10.8. Simulation of the pusher-slider system over 500 time steps (dt=0.1)
with zero control inputs. The least-squares Koopman model is unstable and drifts
away, despite the fact that there should be no motion in the absence of control.

10.10. The Franka Emika Robot successfully pushes the block to the desired orientations.

In the last of the three experiments, I applied a low-pass filter to increase the controller
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Figure 10.9. Comparison of the experimental trajectories from the training data
to those obtained in simulation using DISKO. Instances are shown every 2 seconds.
The simulated trajectories are initiated with the starting states of the experiments
and forward-propagated with the same control inputs that were applied in each
run. The position of the pusher is indicated with red and the center of the slider
with purple. In the predictions, the location of the pusher is known only as py,
the distance away from the center of the block along its pushing side; the pusher
is always assumed to be in contact with the block. To highlight this difference, I
do not plot a trajectory of the pusher, but show its location only at the instants
the block is drawn.

lag time and slow down the experiment in order to capture more of the dynamic response
of the robot experiment. The LQR objective is given in terms of z,y,0, and py. The
weights used for the states are respectively given by (Q=diag[800,800,50,10] and the control
weights are given by R:diag[104,104]. In all three experiments, the pusher successfully
moves the block close to the desired configuration. I verify that the controlled system
converges to the target by constructing a candidate control-Lyapunov function with the
stable Koopman operator and evaluating it with the state measurements. Note that the
candidate control-Lyapunov function is reconstructed using Theorem 4, using data from
each individual trajectory. This is a candidate control-Lyapunov function for a basis of

attraction surrounding the equilibrium, but the robot would need to collect data verifying
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Figure 10.10. Control of the pusher-slider system using DISKO. Infinite-horizon
LQR control is used to push the block to the desired orientation, marked with
yellow border. The pusher and the center of the block are marked with red and
purple dots, respectively. Each row corresponds to one experimental run and
shows the trajectory, the tracking errors, and the constructed candidate control-
Lyapunov function that verifies that the controlled system converges to the target.
The candidate control-Lyapunov function is V(¥ (s))=¥(s)? P¥(s), where P is
the solution to the Lyapunov equation (10.14) using the stable Koopman operator.

the candidate control-Lyapunov function. This active phase of stability verification will be

considered in future work.
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10.4. Discussion

This chapter demonstrates the benefits of stable Koopman operators in the prediction
and control of data-driven nonlinear systems. I derive a formula for the prediction error
associated with Koopman operators for an arbitrary number of time steps, which I use
to show how unstable eigenvalues exponentially amplify modeling errors. I also derive
properties for basis functions that are consistent with a stable Koopman operator and can
improve the learning process. Appropriate basis functions can lead to low training error,
which is in turn useful for the construction of Lyapunov functions, also shown in this work.

Using the examples of the pendulum and the quadrotor, I demonstrate how stability
constraints on the Koopman models makes them more robust to limited training data
(which often arises in time-urgent tasks such as stabilizing unknown dynamics), as well
as the prediction horizon. In fact, stability constraints improve even models that are
computed with rich data obtained through active learning methods. Last, using the

pusher-slider system, I validate the performance of DISKO experimentally.
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CHAPTER 11

Conclusions and Future Work

In this thesis, I presented algorithms that improve both data-driven and model-based
control. In Part 1, I presented the only nonlinear control scheme available that has formal
performance guarantees that are dependent on the controllability properties of the system.
Besides being the only nonlinear controller with formal convergence guarantees, it also
has a computational advantage over alternative control methods, such as model predictive
control, since it avoids the expensive calculation of controls over the entire horizon. In
addition, it is shown to have superior convergence rates to top competing alternatives.
These traits render the proposed algorithm a promising feedback scheme for underactuated
and nonlinearly controllable dynamics.

In Part 2 of the thesis, I shifted the attention to control of dynamics whose model
is not available. By leveraging Koopman operator theory, I presented a derivative-based
methodology suitable for real-time data-driven identification and control. Besides the
results presented in this thesis, the presented derivative-based methodology has also been
successfully tested on predicting the state evolution of a soft robotic swimmer based
on high-fidelity CFD simulations [233]. As shown in Chapter 8, combined with model
predictive control, the performance of the proposed Koopman approach is comparable to
state-of-the-art data-driven modeling methods, such as SINDy and NARX. Further, this
modeling approach can even be used with known nonlinear dynamics to generate a linear

representation and reap the benefits of linear tools for nonlinear feedback.
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In addition, I demonstrated the benefits of using side information, and specifically
stability, to constrain system identification methods to generate models with certain
desirable properties. Imposing such properties on the derived models helps identify
representations that better generalize beyond the training set and are remarkably more
robust to the training size. Stability, in particular, is important for numerical reasons as
well, as it ensures that the predictions generated by data-driven models are bounded and
can be practically useful for control purposes. To impose stability on learned dynamics,
I derived an optimization algorithm (SOC) to learn stable data-driven linear dynamical
systems. SOC outperforms top-performing alternatives by orders of magnitude in terms
of performance, which naturally leads to improved control as well. Further, SOC is
significantly more memory efficient and scales better for high-dimensional systems often
encountered in data-driven applications in robotics and other fields. After analyzing the
prediction error based on Koopman models and explicitly showing the effect of stability,
I used the SOC algorithm to present the benefits of data-driven identification of stable
Koopman operators (DISKO). Stability constraints improve even models that are computed
with rich data obtained through active learning methods.Using the pusher-slider system, I
validated the performance of DISKO experimentally. I also derived properties for basis
functions that are consistent with a stable Koopman operator and can improve the learning
process. Appropriate basis functions can lead to low training error, which is in turn useful
for the construction of candidate control Lyapunov functions, as illustrated in Chapter 10.

Advancements in robotics are happening at a fast pace, yet there are still a lot of
challenges to be tackled in the near future. For applications where the dynamics model is

available and accurate, it is important to develop feedback schemes that offer convergence
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guarantees for any controllable systems. Extending the second-order needle-variation-
based algorithm presented in Part 1 of this thesis with higher-order information to always
provide solutions for all controllable systems is a promising research area, if such an
extension can scale well for high-dimensional robotics. In addition, with the increasing
advancements in Koopman operator theory and linear embeddings of nonlinear systems,
it is important to better understand the trade-offs between different modeling choices.
Under what conditions and choices can linear embeddings of known nonlinear dynamics
offer advantages in prediction and control? For example, using a linear approximation
of nonlinear dynamics and modeling the error from the true model as state-dependent
disturbance, as is shown in Chapter 10, can offer analysis tools of linear systems at the
disposal of nonlinear control.

For applications with unknown dynamics, there is significant progress to be made
in data collection, data-driven modeling, as well as data-driven control. For example,
improving the data collection can help gather training data that are more representative and
informative and enable better identification results. Promising active learning directions
include collecting data that reduce the correlation of the existing model classifiers until
system identification can be confidently attempted. Similarly, exploiting the connection
between feedback linearizable and controllable dynamics and using control to cancel
nonlinear terms that appear in the data-driven model until a linear model can be obtained
is a promising direction for actively learning with guarantees for convergence to the true
dynamics.

In addition, despite all the advancements seen in data-driven modeling in recent years,

system identification has typically taken the form of black-box machine learning operations
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that generate unconstrained models that fit the data well, but do not generalize well
outside the training set. Using side information and knowledge, general (e.g., a system is
controllable) or more specific (e.g., a system has equilibria at known locations), about a
system can help address the challenges of overfitting, as well as improve data-efficiency.
In the future, there is a lot of room for growth in constraining optimization processes
to generate models that satisfy a wider range of properties (e.g. symmetry, stability,
periodicity, controllability) that transfer over to unseen data. Besides the task of the
learning optimization itself, side information should be used for case-specific optimization
of model parameters and classifiers a model is equipped with. For example, as Chapter 10
demonstrated, side-information such as knowledge of equilibria points of dynamics can be
used to filter out basis functions that would violate the physical properties of the modeled
system. In the same manner, system identification tools, such as SINDy [198], should
use libraries with functions that are in accordance with the properties of the modeled
system (e.g. basis functions that do not blow up at equilibria points). Other promising
research directions include characterizing the fitness of basis functions based on other
criteria, such as a Lipschitz constant for the lifted dynamics, given information about the
range of system states (the domain of basis functions).

Last, promising directions for data-driven control include leveraging the training
performance of system identification to generate control with performance guarantees.
Treating the modeling error as state-dependent disturbance and implementing robust
control on the identified model can be used to guarantee control safety. Further, improving

the worst-case performance for a bundle of representations that lie within the uncertainty
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of the data-driven model can provide guarantees for the performance of data-driven
control [234].

All in all, there are exciting research directions in robotics, control, and machine
learning. Given the fast-evolving nature of these fields, employing on any system (known
or unknown) autonomous methods that can run online, use limited computational resources,
adapt with minimal data, and provide performance and safety guarantees seems like an
attainable goal that can have a huge impact on applications such as self-driving cars,

human-robot interactions, and underwater operations.
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APPENDIX A

Derivations and Proofs

A.1. Derivation of the Mode Insertion Hessian

Consider switched systems that are defined by dynamics

x(t),t) , To<t<m

bil

, TI<t<T1+A1

8

N

> w

8

, Ta<t<ma+A\2
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:_/
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NG
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fl X 7t ) 7—2+A2§t<7—3

(=(t):)
(2(1)2)
(1), nAA<t<m
(=(8):)
(=(t))

Az)t) , TLHAL<t<Tr

subject to: x(Tp)=xo,

where T is the initial time, Tp is the final time, z¢g:R—R¥ is the initial state, L is the
number of injected dynamics, T:{Tl,Tg,~--,TL}€RL is a monotonically increasing set of
switching times, A:{/\l,)\g,“',)\L}E]RL is a set of control durations, fi:R—RY specify
the default dynamics, and f;:R—RY describe the i*" injected dynamics. The switching

times are assumed to be fixed.
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Note that, while the system dynamics f depend on the set of control durations A,
the same is not true for the individual switch mode dynamics f;. In addition, I refer to
individual elements in the set A as either A; or \;. I measure the performance of the

system with the integral of the Lagrangian, £(-), and a terminal cost m(-), similar to (2.3).
F
(A.2) T(A)= / Uz (t))dt+m(x(Tr)).

Re-writing the dynamics using step functions gives

Fa(t),A) =[1(t-To)~1(t—m)] /i (2(0).0)
|1t =1 (t=(rtM) ) | fa (1) 1)
(=) ) =1(=73)| fi (2(0)1)
+...

+[ 1= (A1) )= 1(t=77) | i (w(2) )

+[1=r) =1 (t= (o +20) ") [ o (2(t) )

(= (420 T) = 1(t=Tp) | 1 (2 (t) ).

The superscripts + and — help avoid ambiguity at the switching times. I use directional
derivatives to differentiate, where the slot derivative D;F(-,-) is the partial derivative of a
function F with respect to its i argument. That is, D, F indicates the derivative of F
with respect to x and is the same as %—i Further, D; ;jF(-,-) denotes the second partial of
a function F with respect to its first and second arguments. The step-function form of

the dynamics makes it straightforward to compute the partial derivatives D1 f (x(t),A,t)
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and D f(x(t) ,A,t) . Specifically,

Dy f (w(t),At) =[1(t=T0)=1(t=7 )| D1 fr (x(1).t)
+1(t=)=1(t—(r+M) ") | Dafe(2(1) 1)
+[1(t=(m+2)T) = 1(t=75 ) | Do fi (w(2) 1)
+...
+1(t—(rp-1+ A1) ") =1(t—7) | D1 i (w(2) )
+[1(t=rF) =1 (t=(rp+AL)7) | Difr(2(2) )
+[1(t=(rL+AL) ") =1t =Tr) | D1 f1 (2 (1) 1)

and

L

(A3)  Daf(w(t),At)= {5(t— (ThAe) ™) Fr((8),) =0 (= (mat- i) ) (e (8).) }

)
k=1

where §(-) is the Dirac delta functions. Using variational calculus,
Tp

(A.4) DJ(A)-0= / D(w(r))-=(r)dr+Dm (2(Tr))-=(Tr)
To

where z(t):R—R¥*! is the variation of (t) due to the variation, 6, in A. Also,
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_00x(t) 0 0x(t) 9

B,
“0=55n ~an ot —antO=ga/ (z(0AY)
=Dy f(w(t),At)-2(t)+Daf (x(t),At)-6,

subject to: z(0) (0)=0.

N
Define A(t)éle(x(t),A,t> and B(t)éD2f<(E(t),A,t>. Therefore, 2 is

2(t)=A(t)-z(t)+B(t)-0

subject to: z(0)=0.
The above differential equation has the solution
t
(A.5) ()= / & (1) B(r)-0dr,
To

where ®(t,r) is the state transition matrix corresponding to A(t). Substituting z(-) in

DJ(A) 0,

Tp
DJ(A)-6:/Dé(:c(r))/d)(r,s)B(s)-6dsdr+Dm(m(Tp))/CID(TF,S)B(S).Ods.
Ty To To
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Switching the order of integration in the first-integral,

TrTE TR
DJ(A)-Q://DE(x(r))CID(r,s)B(S).erds—i—/Dm(x(TF))CD(TF,s)B(S).st

Tp Tp

:/ {/Dﬁ(x(r))q)(r,s)dr—i—/FDm(x(TF))CD(TF,s)}B(s)ds-@.

p(s)T
Then,

TR
p(t)z@(TF,t)TDm(m(TF))T+/(I>(r,t)TD€(m(T))TdT,

where p(t) is the solution to the backwards differential equation:

p(t)=—D1f(2(t).A0) p—D(a(1))
(A.6)

subject to: p(Tr)=Dm(z(Tr))’.

To avoid confusion, it is important to explain the notation used in the remaining of the
derivation. I use 6 to represent first-order and 7 to represent second-order perturbations
to control durations A, respectively. I use subscripts to refer to the perturbation acting
on a specific (single) duration. For example, 6; indicates the perturbation that takes
place with respect to the i*" control duration, );. I index the order of perturbations with
a superscript, so that 6/ indicates the ;™ (in order) perturbation to the set of control
durations A. Therefore, 67 indicates the perturbation that acts on the first control duration

A1 and that is associated with the second perturbation.
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I write
B o
(DI = / DU(x(r))-=" (r)dr+Dm(2(Tr))- (Tr))

and, using the product rule, I compute
D*J(A)-(6",6%)+DJ(A / D*(a (r),22(r) ) +De((r))-¢ (r)dr

+D*m(2(Tp))- (= (Tr),z*(Tr))+Dm(2(Tr) ¢ (Tr),

where 0! and 6? are two first-order variations of A, 7 is a second-order variation of A
and ((t) is the second-order variation of z(t). Parameter ¢(¢) is found by taking the

second-order switching time derivative of &(t):

2
()= gt ()= (1)

= (D (). 882 O+ Daf (2(0). 200"

such that

(A7)

2f(x T 22
CO=AW<O+BO7 (0] 07) (z%ff((gfffif{% %é?f(iét)),ﬁf)))( )

2

subject to: <(0):W

x(0)=0.
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Define

C(t)= D%f(a:(t),/\,t) Diaf(x t),A,t)
= DQJf(J](t),A,t) D%f<l’(t)7/\7t> )

and notice that ((t) is linear with respect to ((t) and therefore ((¢) has solution

C(t)Z/tCI)(t,r) {B(T) N+ (zl (T)T91T) C(r) (ZQ(T)> } dt.
To

92

Substituting ¢(¢) into (A.1) gives

TR
DRI 87+ DI (A= [ () D (r)) ()
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T T

Note that DJ(A)- equals | DE(z(r)) [ ®(r,s)B(s)-ndsdr+Dm(a(Tr)) [ ©(Tr,s)B(s)-
To To To

nds, which is clear from (A.4) and (A.5). Therefore, this leaves

Tp

DAI(A)-(6 %)= | [zl(r)D%(x(r))f(r)

To

02

+DE(r)) / O(rs) (1 (s)70 ) O (s) <22(3)>ds] dr

—f—Zl (TF)TD2m(£B(TF))22 (TF)

Te )
+Dm(a(Tr) [ ®(Tp.5) (= ()76 C(s) (Z 0@) ds.
To

Split the integral over dr, move D/ (x(r)) and Dm(z(TF)) into their respective integrals

and switch the order of integration of the double integral:
Tr TpTp

= [T D)2 ()dr+ [ [ D) @(r5) (21 ()76 ) (s) <22(5)>drds

92

+2! (Tp)" D*m(x(Tp) )ZZ(TF)+/Dm ($(TF)>CD(TF,S) (21 (S)T,GIT) C(s) <ZZ0(28)> ds.

I combine the integrals over ds, and notice that p(r)”, in (A.6), enters the equations.

Furthermore, I switch the dummy variable s to r and put everything back under one

integral:
Tk )
= / ()T D2(a(r)22 (1) +o(r)T (21 ()76 ) O(r) (Z 9<2T)>dr
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Expand C(+) back out,

= [ 20D () 2o [ 0)T DR (), A )2 ()]

() [ 0) Draf (w(r) A 40T [0 D f (0, M) (1)

+p(r)T [HITD%f(:c(T) ,A,T’)QQ} dr+24(Tr) T D*m(x(Tr))22(Tr).

Switching to index notation, where p(-) is the k™ component of p(-) and f*(-,-,-) is the

k™ component of f(-,-,-),

n

Tg
= [20)T D20(a(r)) )" S () DR e A ()
To

n

Z (r) D1 2f* (a(r) Ar) 62+ Zpk ) Doy f*(x(r),Ar)2*(r)

k=1 k=1

+ot” Z,o (1) D3 f*(x(r),Ar)0?dr421 (Tp) T D (2(TF)) 2% (TF).
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Rearrange the terms allows D2J(A)-(61,6?) to be partitioned into the summation of parts
Pl,PQ,Pg given by

Tp

= [ 24()" [DQK —{—Zpk ) D3 ¥ (2(r) A 22(r)dr

To

+21(TF)TD2m(x(TF)>22 (Tr),

PQ—/e 3 k() Do (2 M) 2 (1) 401 S () Dy £ () A ) 2 (1),

k=1 k=1
F T n
sz/@l Zpk(T)Dgfk (x(r),A,r)@er
k=1
Looking at Pj first, let
g(r):D2€(x(r)>+Zpk(r)D%fk (x(r),A,r).
k=1

Then,

Substituting (A.5) for z'(+), results in

Tr r

—/ /Cbrs 9ds /Cbrw 92dwdr
To To
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The integrals may be specified as follows:

Tpr r

—///HlT $)T®(r,)T g(r)®(r,w) B(w)#*dsdwdr
To ToTh

+/ /91B(S)TCD(TF’S)TDzm(x(TF))‘D(TF,w)B(w)G?dsdw.

Note that the volume of the triple integral is given by r=max(s,w). Therefore, the order
of integration may be switched to:

TpTy
—// / 91T $)T®(r,s)L g(r)®(r,w)B(w)6?drdsdw
To Tomaz(s,w)
TrpTE
+ / / 0'B(s)7®(Tr,s)" D*m (2(Tr) ) ®(Tr,w) B(w)6*dsduw.
To To

I combine the double integral with the triple integral and rearrange the terms so that only

the ones depending on r are inside the internal integral:

TrTr T

To To maz(s,w)

Let

t
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where Q(¢)€R™ ™ is the integral curve to the following differential equation

Q(t)=—A(1)" Q) Q) A1) —g(t)
—— A1) -Q(t) A(t) - D (x(t) ) - é pe(t) DL (2(t),A )

subject to: Q(TF):D2m<a:(TF)).

Then, depending on the relationship between s and w, P; becomes

TfFTfFB(s)TQ(s)CD(s,w)B(w)dsdw-(91,92) s>w
To To
b= TfFTfFB(s)TqD(w,S)TQ(w)B(w)dsdw-(91,92) s<w
To To

T B(s)TQ(s) B (w)dsdu- (61 62) =,
To To

Py is a scalar and equal to its transpose, therefore

TrTr
P T/ T/ B(w)TQ(w)®(w,s) B(s)dsdw-(62,6)

Use i and j to index 6! and 62 respectively, where 6 indicate the variations of A and

i,j=1,...,L. Integrating the d-functions in B(s) and B(w) will pick out times s=7;4+\;
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and w=7;+A\; such that Pp,; is given by

iz fi(x(nﬂi),t)—fl(x(nJrAi),t)r
Q740D (7 Ai, 7+,
15 (54 00) ) = 1 (2(73+0).0) ] (01.02)
i<j ‘h@ﬁﬁ%ﬂ@—ﬁﬂdq+MLQr
Q7+ @ (754 Aj 7+ M)
ﬁ@dn+MLQ—ﬁﬂdn+MLQ;wL%)
i=j 17

:fz (:E(Ti—l—)\i),t) —f1 (:L‘(Ti—l—)\i),t)_ Q(Tz+)\z)

ﬂ@dn+MLQ—ﬁﬁdn+&LQ:wﬁﬁ)

Taking the limit A—0, limp_,oF1,; becomes

lim Pli .
A—0 Y

= [fie(m) - fla() 0] Q)@ (7 )
£ (2(73) )= f1 () )] (6},62)

=) )~ () 0] Q)07 )

[Fi(a(mi).t)— fi (w(m) 1)) (6),62)

[Fi(mi).t)— fi (2 (7). )] Q(73)

[Fia(mi) )= fi (w(m) )] (0.62).

.
I

Now consider Ps, where

Do f* (1), A)={0(t—(7a+Xa) ") DafE((t) )" =6 (t—(ratXa) ") Doff (x(t))" }

L

a=1"



259

Choose again the i index of ! and the j*" index of 62, where i,j=1,...,L. This corresponds

to the i*" index of z!(t) and the j* index of 22(t), where the k""" index of 2'(-) is
/CD (t,r) [ — () ") fi(2(r)r) =0 (r= (et M) ) o (x(r),r)}drek,

Specifying these indexes allows us to revert back to matrix representation for p(-) and

f(-y,). Thus,
Tp
Pay= [ 83p(r) T [3(r (734 25) ") Daf(a(r)r) =6 (r=(ry0) ) Dafi(a(r).) 21 ()

+0; p(r)" [0 (r—(7i+X) ") Dafi(a(r),r) =0 (r—(ri+-X) ") Dafu((r),r)| 5 (r)dr.

Integrating over the d-functions picks out the times for which the J-functions’ arguments

are zero:

=05p((75+2) ") Dufi (w(ri0) (75 0) 7 )2l (5 A) )
—szp((Tj—l-)\j)Jr)lel (x(Tj+/\j) (Ti4+25) ) ((Tj—’r}\j)Jr)
+9i1p<(7—2+/\ ) lfz(x Tz"‘)\ Tz"‘)‘) ) ((Tz"‘)\) )
—eilp((n—f-)\ ) lel(x Tz—l-)\ Tz—f-)\ )+)Z ((Ti+)\i)+)-
The indexes @ and j relate in three possible ways: 1<j, i=7, or ¢>j. The first and last
case are the same, which is based on the fact that partial derivatives (with respect to
perturbations indexed with ¢ and j) commute.

Recall that 7 is a set of monotonically increasing times. Therefore, if ¢>j, then

Ti+Xi>Tj+A;. Given (A.8), zj(t) is non-zero only after time t=(73+A;) . In other words,
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the state does not change up until the first injected control and so the state perturbation z
will be zero for all times prior to the perturbations to the control duration. Consequently,
because ¢;+\;<t;+\;, given that i>j and so z} (7j+X;)=0. Therefore, the first two terms

of Pgij are zero and

i;jez'lp((Ti—F)\i)_)Tlei(x(Ti+/\i)_’(Ti+)\i)_>

D ((ritM) (7 4+M)7) fj(x(7j+)‘j)a(Tj'l')‘j))_fl(x(7j+)‘j)+’(7—j+)‘j)+)}6]2

01 p((ri+0) ") Dufi () (kA )

(i) 7 (74X)7) {fj (2(r+2) o (74) ) —h (ff(Tj+/\j)+>(Tj+)\j)+)}9]2-
Omitting the no longer useful superscripts + and — gives

@j@;p(nJrAi)TDm(SC(TiHi)aTﬂL)\i)
<I>(ri+Ai,Tj+Aj){ £i(2(ri+0) T ) — (x(Tj—{—)\j);Tj—F)\j)}@Jz
0! p(7i+:) Dufi(w(rih)mib )
c1>(n+Ai,Tj+Aj)[ (2(7+2)) Tj—i-)\j)—fl($(Tj+)\j)a7'j+)\j):9J2

Zéjellp(TZ—{—)\Z)T [lez (I(Tri‘)\z) ,Tz‘|’>\z> —Dif1 (x(TZ+)‘Z) 7TZ+/\Z):

@(Ti—i—)\i,Tj—l—)\j) fj (:L‘(Tj—f-)\j),Tj‘f—)\j)_fl (x(7j+)‘j)77j+)‘j): 9]2"
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Taking the limit A—0,

[{iLHOPQi;jP(Ti)T[lei(m(Ti);Ti)_lel("E(Ti)aTi)]q)(Ti’Tj) [fi(2(75),75) = f1(z(75),75)]

1 p2

Now consider the i=7 case. Because i=7, the perturbations 8! and 62 are equivalent—in
the sense that they are both perturbations to the same control duration A;—and therefore

21(t) and 22(t) are also equivalent. So,

Pgiji;jQQizp((Ti—l-)\i)_>TD1fi (x(TH‘)\i)_,(Ti‘i‘)\i)_)zil ((Ti+)‘i)_)_291'20<(7_’i+>‘i)+)T

Difi (x(7i+/\i)+a(7_i+)‘i)+)zil((Ti+/\i)+)
Substituting in for z}(-),

:291'2p((71'+)\i)_)TD1fi(:)Z(Ti—l—/\i)_,(Ti—l—/\i)_)

(Ti+X)~
/CID((TZ'+)\¢)7,7’)~[(5(7’—(7'@'4-)%)*)]‘1‘(1:(7”),7’) —5(r—(7¢+)\i)+)f1 (x(r),r)}dr@il
To

~202p((7A ) ") Dufu (w(mit Aa) T (rik A )

(mitXi) "

/@((Ti+)\i)+,r)-{5(7"—(Ti+)\i)_>f¢(:c(r),r) —(5(7‘—(T¢+)\i)+)f1 (x(r),r)]dr@}.
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This time the arguments of the d-functions are zero at the upper bounds of their integrals.

So,

T
=207p((ri+Mi) ") Dufi(w(rit M)~ (7t Ni) ™)
1 _ _ _ _
5@((72'—1-)\1) ,(Ti—i—)\i) )fl(a:(n—l—)\l) ,(Ti—i—)\i) )911
T
=207p((ri+2) ") Difi((mA) T (miA0)T)-
[®((Ti+)\i)+a(7'i+)\i)i>fi(x(Ti‘F)\i)i;(Ti‘i‘)\i)i)
o + +\1 + +\] g1
— ((T@‘—f—)\i) ,(Ti—i—)\i) )§fl<x(ﬂ'+)\i) ,(Ti—f—)\i) )97;.
Recall that ®((74+X;) 7, (1i+ )7 )=@((7+Xi) 1, (+ i) T)=I and that ®(-,) is a con-
tinuous operator, such that ®((7;+X\;)",(r;+ ;) )=I. Therefore, omitting the no longer

helpful — and + super-scripts,

:p(TZ’—F)\i)T{lei (x(TZ'-i-)\Z'),TZ'—F/\Z‘)fi(x(TZ'-l-)\Z'),TZ‘-I-)\Z')
—2D1f, (a?(Ti—f-)\i),(Ti—i—)\i))fi (x(Ti—l—)\i),(Ti—i—)\i))
+D1f1 (90(71'—1-)\1'),(71—1-)\@')),}”1 (lE(Tz‘-i-)\i),(Trl-)\i))]'(91‘1791‘2)~
Taking the limit A—0,
ll\iLHOPQi;jP(Ti)T[lei(m(Ti)yTi)fi(x(Ti)vTi) —2D1 fi(z(7),(7)) fi(z(7),(73))

+D1fi1(x (i), (7)) (@ (7). (73))]-(67.05).
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Finally, P3. Start with D3 f* (x(r),)\,r). For i=j,

D%fk(a:(r),)\,r)ij: <8ii5<r—(7i+)\i)_)>fik(x(r),r)— (aii(5(T—(T¢+)\i)+)ff(x(r),r)>,

and, for i#j, D3 f* (x(r),A,r)ijzo. Revert back to matrix representation of p(-) and f(-,).
For i=j, using chair rule on D%fk (x(r),A,r)ij results in:

D3 (@ (r) ), ==8 (r—(rit0s) ) £ () ) 18 (r— (rt ) ) (2 () ).

Py= / [=p(") T8 (r=(mi+20)7 ) fil(r).r) +p(r) T8 (r—(r420) ) () )| dr-(01,62).
To

Using integration by parts,

—p(r)Ts (r—(n—k)\i)_) fi(z(r),r)

Tp

~ [[p0) £ @) ) 4o D1 (00))i (04 0() Do (a(0).0)]

5 (r—(rit+X) " )dr|-(6],69).
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Integrating over the d-functions picks out the times for which the d-functions” arguments

are zero:

= (20 ) ({0 )(TZH) )=il((r2)")s (x((n—i—)\) ). (i 2)")
7)) Dufi(a((
) i e[
)TDin(:c( T
) ((

(Tt A) )az Tri-)\

) (Ti+ i) )

R RCESY +>} (61,62).

+p( (it

( i)~

—p((Ti—{—)\Z)Jr i+ +) i+ +>x (1i+\i) +
( )7 z+)\z

T

—p((n—i—)\Z)Jr D2f1<x Ti+ i

Using (A.6),

:H—p((ﬂ'—i—)\) )Tlei(x((TiHi)_)7(Ti+Ai)_)—W(””((Ti“i)_)ﬂ
‘fi( ((7i+20) ") (ri+ M)

)
{ p((rit +)TD1f1<x( 7t A) ) (it ) ) Dé(x((TﬁAi)*)N

!

DiJ; (x((nﬂ ) )20 ) i () )t )
z((rit ) T (rit A )+)f1 <x((n+Ai)+),(n+Ai)+)
(
(

-
)
=

/N

8
—~
3
_|_

>/
N

_|_
\_/
—~

3
_|_

>/
N

_|_
N—
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Canceling out terms,

— [—Dé(x((n—l—/\i)_)) (fi (:17((7,-4—)\1-)_),(7'1'—1—/\@-)_) -1 (m((n+)\i)+>,(n+)\i)+>)
+P<(Ti+)\i)_)T(Din(l‘<(Ti+)\i)_>J(Ti‘|’)‘i>_) —Dafi(((ri2) T ), (rit2)T) )]

-(e},e?).
Then, taking A—0 and omitting the superscripts,

N Py=[DE(x(7:)) (fi( (7). m3) = fi (2 (73) 7))

+p(ri)" (Do fi((7i),7) = Dafi(e(7i).7:)) |- (0F.67)

Therefore, for i#j,

lim D*J=[[fi(a(ri)7i)~fi(2(7:).m)] Qi)

+p(7:)" [D1fi((7:),7) =D fi () 7)) |- @ (7im) [f (2 (75),75) = (2 (75),75)]
and, for i=j,

T

fi(z(n)m)-h (36(%')%')} Q(7) [fi (z(r:)7)—h (x(n'),n)]
+p(ri)" [Du”i (2(rs)7) fi(w(7) i) —2D1 fr (2(m) 72 ) fi(2(73) i)

lim D?J=
A—0

+D1fy (l'(Ti)ﬂ_i) fi (m(n),n) +D> f; (ZE(Ti):Ti> —Dsfy <x(ﬁ),ﬁﬂ
—DU((7)) (fi (2 (73) ) = f1 (2 (75) 7))

Given dynamics of the form (2.1), the MIH (for i=j) takes the form in (5.1).
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A.2. Dependence of the Mode Insertion Hessian on First-Order Lie-Brackets

PROOF. The following analysis shows the algebraic dependence of the MIH expression
on the first-order Lie brackets [h;,h;] and [g,h;] and proves Proposition 5 if either: 1)
pT[hish;] # 0 or 2) pT[g,h;] # 0, as guaranteed by Proposition 4.

Consider controls such that u; = v; V j,i#k and v =0 and expresses the MIH expression

(5.1) as

d2J

a2z u Gu—wp((Dely ) hi—p" [g.hi)),
+

where G;; = 0V i,j€[1,M]\{k}, Gix = Gri = 3[hi.hx), and Gy, = b} Qhy+p? Dyhy-hy,.
The matrix G is shown to be either indefinite or negative semidefinite if there exists
a Lie bracket term [h;,hy] such that p”'[h;,hi] # 0. From Proposition (8), there exist
i, j € [1,M] such that either pT[h;,h;] # 0 or pT[g,h;] # 0. Let k € [1,M] be an index
chosen such that either p’ [h;,hy] # 0 or pT'[g,hi] # 0 for some i € [1,M] \ {k}.

I use summation notation to express the MIH as

d2J M

T2 = (Chi(ui—v ) QZh
i=1

[a M Oh; Mon;, MU

gg+ Zh “J"‘Z u39+Z “th uj+ 9+ Zh Ui

+

L O Mah ul ﬁ L Ohi L O

Z Uzg—l—z leh V;— Zh uj— 22 vlg 22 UZZh uj}
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which can be simplified to

= (Zhl(uz—vz)) Q> hj(uj—vj)+p ( Zh uj—i—z 5 ujg—l—z 5 u]Zh U
i=1 j=1
g M M oh; Mon U Mon;, Y o
—l—a—gZh V;— Z vlg—i—z Zh V;— 22 UZZh uj) Zh u;—0;))

Rearranging the expression into quadratic and linear terms in the control input, I rewrite

the MIH expression (5.1) as

M M

= (S hilwi—vi)) Q3 hy(u—vy)

i=1 j=1
Mon;, M Mon, M Mon;, M >aeM

(28 u]Zh U 28 UZZh v;— 220 vZZh u; Zh u;—v;))

g Y M Oh, M oh,

T s

(g 515 Y )
Further considering controls such that u; = v; V j, ¢ # k and v, = 0,

ol dg Ohy,
= (hug)" Q) +p" D= (hpur) +p" (—a*hkwg-#@fwcg)
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where uy, is the &™ control input and D is

cLoh; X L oh; &

D = Z uJZh uﬂ—z leh vi— QZ vZZh u;

f:ah S+ () S+ f:ah D
= jt J kKUK
ey &” i#k i 07

Ohy. M 9h; Mon, M M 9h;

2 e (5 20y S hivi= 23 2 0) S =25
O ¢ka ik z;éka £k & itk d "
M M
ah ah Ohy,

M
—uazm n
Jj#k

Oh
= uk[zuj[hﬁhk”‘i‘aijukhkuka
7k

where terms cancel because u; = v; V j, i # k. I use the property T Az =z (%(A—FAT))x

and I write D in a matrix form,

0 %[hl,hk] 0
S[ha.hi]
=u' | §lhdn] glhahe] b glharnhi] flashd |
: 113 VAR
0 Shoar b 0
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The dotted entries in the matrix represent zero terms. Combining all terms, the MIH can

be written as

(A.9) Vi gu—%(hkuk)‘i‘l) (—£hkuk+%7«bk9)
ol
(A.10) = uGu—uy (o h—p"g.hu]).
where
0 %pT[hl,hk] 0
3507 [ha,hy]
G=| LpT[hy k] LpT [hoshy] Ci 5o  [har—v,hi] 57 [Parshi] |
: soT Thar—1.hy) :
0 %pT[hM,hk] 0

and C; = hi Qhy+p" Py

Given that % = 0, then, by Proposition 7, pTh; = 0¥ i € [1,M]. In addition, by
Proposition 5, p # 0 and, by Proposition 8, there exist i, j € [1,M] such that pT [h;,h;] # 0
or pT [9,hi] # 0. Tt is more convenient to consider two cases that capture all possible

scenarios: 1) pT [h,h;] # 0 and 2) pT[hi,h;] = 0 (which implies pT [g,h;] # 0, by Proposition

3).

Case 1. p!'[h;,hj] # 0.
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Let Gj; j denote a 2x2 matrix obtained from G by deleting all but its ith and % row
and i*" and ™ column
Gii  Gij

Glig) = :
Gii Gjj

where G;; = Gj; because G is symmetric. The principal minors of G of order 2 are given
by Ay = det(Gy; ;) = GiiGjj — G595 Vi # j € [1LM].

Consider first the diagonal terms of G; ;). Note that, because i # j and Gi; = 0V ¢ # £,
then either G;; = 0 or Gj; = 0. Therefore, Ay = — G;;G;; Vi # j € [1,M]. Next,
consider the off-diagonal elements. Also note that G;; = 0V i, j € [1,M] \{k}. Given

that G = Gri = 3p7 [hishe] Vi € [1LM] \ {k}, Lhave Ay = 0V i € [1,M] \ {k} and

Ay = — 1(p" [hi,hy])?, otherwise. I summarize these cases as follows
! Vi, j e [1LM]\ {k}
Ay =
_gi2j - _i(PT[hiyhk])Q < 0 otherwise.

If there exists i € [1,M] such that pT [h;,h;] # 0, there is at least one negative second-order
principal minor. Therefore, G is indefinite and so there exist controls u € R such that
u'Gu < 0.

Choose u € RM guch that uTGu < 0 and let uj € R represent the k" element of u. If

wi(p" l9.h] = Dalhye) < 0, then

u'Gu < 0 = uT Gutuy, (pT[g’hk]—Dxlhk) < 0.
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Else, if uy, (pT[g,hk]—Dxlhk) > 0, choose v/ = —u so that
ui (p" [9.hk) = Dalhy ) =—ur (p" [g,h] — Dalhy) <0
and
u'Tgu'—i-u;f(pT[g,hk]—Dxth:uTgu—uk(pT[g7hk]—Dmlhk) < 0.

Therefore, if p [hi,h;] # 0, there always exists u € RM such that %2] < 0.

Case 2. p![h;,hj] = 0.

If pT'[hi,hj] = 0V i, j € [1,M], then, shown in Proposition 8, there exists i € [1,M]

such that pT[g,h;] # 0. For pT[h;,hj] = 0, the MIH becomes
(A.11) uz(hfnhk+pTthk)+uk (pT[g,hk]—Dxlhk),

which is a quadratic expression of the form az?+bx+c. Quadratic expressions become
negative if and only if a < 0 or b>—4ac > 0. Therefore, (A.11) takes negative values if

and only if, for some time t € [t,,t,+T],

(1) hEQhy+p? Dyhy, < 0 OR

(2) pT'lg.hr]—Dylhy # 0.
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I consider the second condition: pT[gyhk]—Dxlhk # 0. Because % =0V ueRMand

V t € [to,tot+T], then

d‘i‘i =0=p'h;=0VYic[l,M],VtE [ty to+T]
— pThy =0V t € [to, to+T]
— plhy = 0fort = t,4+T AND plh, = 0V t € [to, to+T]
— Dymhy, = 0 for t = t,+T AND (—=Dyl—p? Dy fo)hpy=0 VY t€ [to, to+T]
— (z—xq)T Pthy = 0 for t = t,+T

AND (—(z=24)" Q—p" Dufo)hy = 0V t € [to, to+T).

Consider positive-definite weight matrices @) = 6 P;>0, where 9§ is a scale factor. Then,

(x—xd)Tplhk - 0|t0+T = (m—xd)polhk - 0|to+T

& (2—2q9)TQhy = 0ly 17,

and

dJ
_ D pr

& Dylhy, = 0 AND p! D, fohi,=O0.

Then, p”[g,hx]—Dzlhi, = p” [g,h1]#0. Therefore, there exist control solutions u€lRM

such that the MIH expression becomes negative. [
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A.3. Control Solutions based on the Mode Insertion Gradient and Hessian

In the following derivation, I treat the first- and second-order mode insertion gradient
terms separately.

Associate f; with default control v and fo with injected control u, such that

hEf((t)0(t)=g(a(t))+h(x(t))o(t)
Fo2f (@ (t)u(t))=g(x(t))+h(x(t))u(t)

For simplicity, I drop the arguments as necessary. For the mode insertion gradient, the

update step is straightforward

g dJ 9 rp 0 7 T
0% dJ
(A.13) "

The update step on the MIH is more complicated and so I divide the MIH expression into
three parts
d’J

M:A1+A2+.A3,

where the terms A;,A4s,A3 are given by the following set of equations
Ar=(fa—11)" Q(fa— 1)
Ay=p" (Dy for fo+ D fr-1—2Dq f1- f2)

Az=—Dgl-(fa—f1).
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2
Let ZQZ%. Using the Gateux derivative,
+

Oly  Ola(u+en)

_OA(), 0() , DAl

ou Oe =0 Oe Oe Oe  le=0
Then,
0A; 0
u o luten)|

:i([h((wen)—v)]m [((uten)—v))

e=0

=(hn)"Q (h-(uten—v))+(h(uten—v)) T Q hn

e=0

=nThT'Q hu—nTh'Q ho+u" KT Q hp—vT KT Q) by

_ (uThT (Q"+Q)h—"HT (Q7+0) h)n
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0As 0
8’& 76./42 (’LL+€?’])

:aaepT(Dmfl‘fl—Z Dy fi-fat+Dy fo: f2)

e=0

e=0

:&pi’ﬂ(Da7 (g+hv)-(g+hv) —2Dy(g+hv)(g+h(uten))

+ Dy (g+h(uten)) (g+h(uten)))

e=0

=p” (=2 Dy(g-+hv)hn+Dy(hn)-(g+hw) +Dy(g+hu)-hn)
=pT (=2D,(g+hv)h+ Dy (hn) g+Dy (k) hu 4Dy ghn+D (hu) hn)
:pT(_Da:ghn_zD:c(hv)hn+Dw(h 77)'9 +Dx(h n)'hU+Dm(hU)'h77)

m m m
=p" (—ng'hn—QDx (> hgug, ) -hn+De (Y hyni)-g+De (D i) hu
=1 =1 =1

N———

m
+DI(thUQk)-h77
T n n n
=—p" Dpghn—20" (3" (Dahy) pi) hn+0" (- (Dahi)pr) g+n" (3 (Dahi) i) b
k=1 k=1 k=1
n
Z (Dzhi)pr)h
T & & T T &
=—p" Dpghn—20" (3" (Dahi) pi)-hn+g" (- (Dahi) pr) ' nAu hT-(3" (Dahy) pie) "
k=1 k=1 k=1

n
Z (Dzhi)pr)-hn
k=1

n n n
:{—pTng-h—Qv (S (Do) ) b7 (S (Db o) T +uT T (S (D) i) T
k=1 k=1 k=1
n
+UT(Z(thk)Pk)'h] 7.
k=1
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Last,
0As 0
W 87./43(’&4_67’]) —0
ol 0
=~ gape e =g=ho)|
ol
—h
"o
Therefore,

n n
glj:uT {hT(QTjLQ)fH—hT Z (Duhi)pp)T Z (Duhi)pi h}

—vT[hT(QT+Q)h+2 }j (Dol pi) ] 0" Daghtg" (3 (Dahi)r) = h.

T
Solving for the minimizer, % =0, I get

(A.14)
n n

Oz[hT(QTqLQ)hnLhT 3 (D) o)+ (3 (Do) ) }
k=1 k=1

n n
—[hT(QT+Q)h+2hT(Z (Duhi)pi T] DagT ph— (3" (Dahy)pi)g+hT DylT
k=1 k=1
=
n n —1
u— [hT(QT+Q)h+hT S™ (Dahi)or) T+ (3 (Dali)on) } [hT(QTH))h
k=1 k=1

n
TN\o+Dyg" ph— Z (Dzhi)pr) g—l—hTD T

I_l

n
—|—2hT Z D hk pk

The terms shown in (A.12) and (A.14), together with a penalty term for the control, are

the gradient and Hessian terms used for the Newton update step that appears in (5.6).
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A.4. Global Error for Taylor-Based Koopman Operators

(m)

In each time step, there is error induced in the updated function. Let e, indicate
the deviation from the accurate value of the f,gm) function at time ¢, where me ZN|[0,n].

That is,
er=fr— fx
=i [

(A.15)

6181) :fén) _f]gn)

Next, consider how previous errors accumulate in the prediction of a function:

f A At”
fk:+1:f/c+f;é-At—|—f _|_ +fk —
At2 n n Atn
(A.16) :(fk—i-ek)‘f'(f]i;—i-e%)-At+(f]/€/+e’]€’).?+..._|_(fl§ )t ))W
A 2 A A 2 ( )Atn

error terms

such that

At? At” At
(A.17) ekH=ek+e§c'At+e%~?+m+e;§m ( D) fkT;:l—lla

where the last error term is from Lagrange’s remainder formula and is added at each

step. Remember, f,g? 1 1s the nth derivative of a function evaluated at some t€ [tk trr1]-



Similarly,
(A.18) ekzek—1+€;€_1-At+e% % 2|
(A.19)
At?
(A20> 63:62—}—6/2-At—|—6/2/.?+...+
t2
(A.Ql) 62261+6/1~At—|—e/1/'?+-~+

) Atn+

_ p(n+1
where e1=fj CESHE
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( ) A" Atn+1
+ e n! +(n+ 1)!

(n+1)
fk 2,k—1

o )At" At R
(n+1)1727
Atn—H

(n+1)!

+

( )At"

f(n—l—l)

+ 12 s

in the first iteration, I assume the knowledge of the exact values of

all derivatives up to order n, such that the only numerical error comes from the inaccuracy

of the Taylor series expansion. Without loss of generality, the functions are assumed to be

known exactly at k=0. That is, ep=0,e5=0,...,

function f as

k—1
=(> ej-At+e;-

(A.22) 5

A SO

(n)

ey '=0. Thus, I can express the error of a

A" (n+1) Athrl

(n+1) At
iy i )T

)+f0’1 (n+1)!

Similarly, for the errors associated with the higher-order terms, I have

k-1 At? ( ) A1 +1) A" (n+1) A"
o ", " n n
— (izzlez At+e;- o tte (n=1)! +f“+1 —(n)!)JrfO,1 )
(A.23) _ 1) (1 1) (1
Jn=1)_ (kzl (7). A f+) A1) =(n=1) S A1)~ (n—1)
k = Gitl ((n+1)—(n—1))! 0.1 ((n+1)—(n—1))!
k—1 n+l-—n n+1—n
(n) (n+1) At (n+1) At
€ = (i:Zlfi,i—&—l (n+1_n)!)+f0,1 (n+1_n)!
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In general, the error of the p-th derivative of a function f at time t; is given by

k—1 , n—p n+l—p n+l-p
») fnn) AT > (n+1) AR
(A.24) e} = (;:1 ((]Zjle ) fiiv1 (nr1p)! )+f0,1 (nrip)’

which can be simplified to

k—1n— j (n+1) Athrl—p
A.25 77
( ) ;Jzzle I Zfzz—H n+1_p)!

which is split into the error from the derivative inaccuracies and the error induced by
the Taylor series expansion at each step. Note that n is the number of derivatives used
to propagate f, where p€ ZN[0,n] indicates the order of the derivative of a function for

which the error is calculated (p=0 refers to the original function f).

A.5. Global Error Bounds for Taylor-Based Koopman Operator

First, consider the error in f when no derivative basis functions are used, that is, n=0.

Then,
k—1 1
(1) At
(A26> €= Zfzz—i—l 11
(1)
(A27> |ek|—|2fm+1 1|
Atlk 1

(A.28) lex|<— 1 Z’f“+1|
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To further simplify the analysis, I can assume a maximum value of f(), | fz(j_)H|§| f},}gﬂ

for all i€ ZN[0,k—1]. Then,

Atlk 1
(A.29) |m_vz%w
(A.30) le|<k-At|fi1 =T £, ],

where T=E-At is the time window that I approximate the function over.

Similarly, I compute the error bound for n=1 (one derivative of f in the basis functions).

Then,

At?

k—1
(A.31) ek—Ze At—I—ZfZ TR

where €] is given by (A.26). Note that f (1) pecomes f (2); what was e; is now e; and the

first-order derivative of e} is the second-order derivative of e;. Thus,

k—1 i—1 Atl AtQ
(A32) 6k—zl(2fj J+1 1 )At‘i‘Zfz?Jrl 21

i j=0

k—1 i—1 AtQk 1
(A.33) |@QXZVMHJM+*ZMM|

=1 7=0
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To further simplify things, I again use | fz(j—)l—l|§| fﬁgﬂ for all i€ ZN[0,k—1], such that

k—1 i—1 AtQk 1
(A34> |€k|<Z(Z’fmax|7)At+ 91 Z|fmax|

1=1 75=0

@) a2 A0 e
(A35> |€k|gzz|fmax|At +k7|fmax|

=1

) 2k—1 AtZ 5
(A.36) ek <1 £l 1887 Y ik | fi
=1

‘ , . 1
Using the property Z?:olzzzn:ll:n(n; )v

=1k A2
(A37) erl<t 2 iae DR B0
k2—k
(A38> ‘ek,é‘fgczm‘AtQ +k- 7‘fmax‘
kAt
(A39) |6k’<( ) ’fmam’_iyfmaxl

From n=0 and n=1, I notice a pattern in the error bound expression. Using proof by

induction, I next show that the error bound is given by

(A.40) |€k|_ | fet].

)

A.5.1. Base Case: n=0

From (A.30), it is true that, for n=0,

(A.41) len|<T-|£L1), .



282

A.5.2. Induction Step:

Assuming that the relationship holds for n—1, I show it is also true for n. For the case of
using basis functions with derivatives up to order n, the error in the derivative function of

order p=0 is, using (A.25), given by

k—1 n +1
j A +1) At"
(A.42) ZZG Zfz?-l-l (nr 1)t
i=17=1 !
Taking the absolute value of the error,
k=1 n +1
j A +1) A"
(A.43) enl=1 3 el Zfz?ﬂ —
i ! n !
k—1 n n+1
j (n+1), At
(A.44) <SS +Z|fz?+1 G
i=1j=1 ! ’
At AL
where — . and m are non-negative. Then, I use the relationship to substitute for
! n !

the terms \eg‘j )|. Note that |e§1)| is equivalent to |ex| using n—1 derivatives. Similarly,
each term ]egj)\ for jeZN[1,n] is equivalent to |ey| for n—j derivatives. Thus, I use the

relationship that holds for up to n—1 derivatives, such that

k=1 n (n41) k— n+1 A1
n [
‘ek| ZZUZI| n_|_1 ] max | ! +Z|fzz+1 )
(A.45)
+1 n+1k 1n n—l—lf n+1 k—1 Atn+1
’ 772193 |At ZZ n+1— mam |Z
i=1j= 7 ( —J)!
(n+1) (n+1) g . . . .
where |fma;,; > /.41 |- Next, I use j'=n+1—j to simplify the inner sum term

./
2

n i j 1
(A.40) 2 T )
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which can be rewritten for j and the summation order can also be reversed such that

) +1k 1n ) k— lAtn+1
(A47> ’6k|<| Tr?am |Atn ZZ _|_1 Tr?ax |Z
i=175=1 TL j
Further simplifying
k—1 n
(A.48) flnt) |Z At T gy A
ma;r: maa: (n+1)!7
gives
11 pprt L 1y, At
yek‘ ’ max ’ Zz:ljz:l +1 j + | mazx (n_'_1)|
(A.49) -
n
=122 s A
P “( n—|—1 —7)! (n+1)

Using the binomial coefficient

(A.50) (a—ab')'b': (Z)

to rewrite the term (n+1—7)!5!,

k—1 n 5
1 n+1
A51 er|< ( , ) flntd) gpntl
Switching the summation order,
" n+1 Al
A.52 < Ik || fintt)
( 5 ) ‘€k| L;( );Z + | max |( +1)
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To use Pascal’s identity [235]:

(A.53) zk: (Hl) zn:jp:(n+1)k“—1,

I rewrite the error bound as

n—|—1 n—|—1 Al
(A.54) lex|< Z sz Z | i \7,>
—~ (n+1)!
such that
Atn-l-l
n+l n+1
|€/€|§[(k ) (k 1)+k]| mazx |(n+1)!
Atn—l—l
A55 _knJrl n+1)
T | (n+1) |
( ) max Y
where T'=k-At. Therefore,
(A.56) yek\_ ) |, Fir D) for all nez20.

A.6. Incremental Update of Koopman Operator

Consider P measurements used to last update the Koopman operator and AP new
measurements. I incrementally compute a Koopman operator using all P;,;qj=P+AP

measurements as follows. The Koopman operator is computed using (7.5), which I split
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the expression into past and new measurements, such that

1 Ptotalf1 T
Anewzpi > Y(sppr,ukt1) ¥ (skoug)
total  p—q
(A.57)
1 P-1 T Ptotal_l T
=7 (Y F(spartups)F(spue)” + D Flspprupr1) ¥ (spup)”)
total —q k=P
and, using
1P—1 T
(A58) A:F ZT(Sk+lauk+l)T(Sk>uk) )
k=0
Anew can be written as
1 Ptotal_1 T
(A.59) Anewzpi(PA‘F Z T(Sk—i—lauk—l—l)‘y(skauk) .
total k=P
Similarly,
1 F’total_1 T
(A60> Q’newzpi(QP—l— Z ‘I’(Sk,uk)‘f’(sk,uk) )
total k=P

A.7. Gradient Descent for SOC algorithm

Here I derive the gradient descents for the SOC algorithm, shown in (9.7). Let
1 -1 2
f:§|]Y—S OCSX—-BU|%
Using the identity

IX[E=Tr(X"X)
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and expanding the product (Y —S~'OCSX—-BU)T (Y -S~'OCSX—BU), I rewrite the

optimization problem as

f:;Tr(YTY—YTSlOCSX—YTBU
—XTsTeToTs Ty + XTsToToTsTs1oosx+XTsTcToTs— TRy

~UTBTy+UTBTstocsx+ut BT BU).

To calculate the gradients of f, I use the identities

d _ AT RT
%) T
(A.14) iTr(BTXTCXB):(CTJrC)XBBT.

0X
The gradient of f with respect to C' is

0,1

ac’ 2
+0Ts TBUXTST +0T s TBUXTST)

(0TS Ty xTsT_oTs Ty xTsT+ (20T s Ts 10o)csx xTsT

(A.15) =-0TsT(y-stocsx-BU)xTsT.
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Similarly, the gradient of f with respect to O is

6% :;(_S—TYXTSTCT—S_TYXTSTGT+(QS_TS_l)OCSXXTSTCT)
+5TBUXxTsTcT+s-TRUXTSTCT)

(A.16) =5 T(y-stocsx-BU)xXTsTcT,

The gradient of f with respect to B is

1
aiz f:§(—YUT+S_IOC’SXUT—YUT+S_1OCSXUT+2BUUT)

(A.17) ——(Y-S~tocsx—-BU)U?T.
Last, the gradient of f with respect to S is calculated as follows:
;HY—S‘lOCSX—BUH%.:<R—Y|R—Y),
where R=S"'0CSX+BU. Then, using the property
ox—t 0X

—_x—192 y-1
dq dq

I calculate

R=—5"1957'ocsx+s~tocsXx,
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such that

A .

f=5 (BIR-Y)+H(R-Y|R)
=(R-Y|R)
—=(R-Y|-S71$s7locsx+S~toCcsx)

=(-S T(R-Y)XTsTcToT s T +cToTs T (R-Y)XT|S).
Thus, the gradient of f with respect to S is
;S f=5"T(v-stocsx-Bu)xTsTcTorsT
(A.18) —ctorsT(y-s~tocsx—-BU)XT.

To simplify the notations, I use E=Y —S~1OCSX—BU and rewrite the gradients

(A.15) through (A.18) as
Veof=—0TsTEXTsT
Vof=—S"TEXTsTcT
Vpf=—EU"

Vef=STEXTSTcTOTsT_cToTsTEXT,

where I use the notation Vx (-)=%(-).
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A.8. Equivalent Matrix Representation for Sum of Squares Error

Note that the Frobenius norm of A€R™*" is
m n
[Allp=\| >_ > lai;[>-
i=1j=1
Let K4€R"W>W and ¥(-)€R" and consider the expression
(A.19) ZH‘Y (tr+At)u(ti+A0)) —Ka¥ (s(tr) ulty)) |
Then, using the Frobenius norm definition for the vector
Y (s(tp+At) u(tpy+At)) —K ¥ (s(ty) u(ty)) eRY,
(A.19) becomes

(s(tet0) u(tp+0t)) —Ka, Fi(s(te) ulte)) [,

||M§

P
(A.19) :Z

where ICdZEIRW is a row vector that corresponds to the ith row of 4. Then, consider the

term inside the absolute value as the G;;. element of a matrix G eRW*P guch that

P W
(A19)=> (X lgil*

k=1 1=

—_

G can be expressed as
(Y (s(t1+At) u(ti+A8))—Kg¥ (s(t1),u(t1)))”
G'=

(Y (s(tp+At),u(tp+At))—Kg¥ (s(tp),u(tp)))”



and rewrite it as

Y (s(t1+At)u(ti+At))T Y(s(t1),u(t1)))”
G'= 5 - 5 Ka-

Y (s(tp+At) u(tp+At)T | |¥(s(tp)u(tp)))”

Let X,YeRW*P be given by

T T
Y (s(t1)u(t))” Y (s(t1+At) u(ti+At)T
X= : Y=
Y(s(tp)u(tp))” Y (s(tp+At),u(tp+At))T
such that
G=Y-K,X.

Then, using the Frobenius norm definition, (A.19) can be written as

(A19)=[IG %

=[Y =KX

A.9. Memory-Preserving Gradient Descents for SOC Algorithm

Let ¥(s(t))€R"Y be given by

F(s(t)=¥1(s(t)) ¥als(t)) ... ¥w(s(t))
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and XY €R"*F be given by

X:[‘I’(s(m)) ¥(s(ta) - ‘P(SUP))]

and

Y:[‘P(s(t1+At)) Y (s(ta+AtL)) ... \P(s(tp+At))}



Then,

xXxT—

Similarly, Y XT=A, XUT=Xy,

Y(s(t1)) Y(s(t2)) ..

Ta(s(t1))

TP
> Wi(s(te)¥i(s(tr)
k=1

(s ¥ (1)
5~ .

k=1

Tw(s(tk)lfl(s(tk)

S (s (s(t)T

k=1

=G.

W(s(t1)) Fils(ta)) ..
‘PQ(S(tg))

_‘ij(s(tl)) ‘Pw(s(tg))

S o (s(t) P (s(te) ..
Lk=1

Y (s(tp))

Ya(s(tp))

Fw (s(tp))

fj Y1 (s(te)¥w(s(te) _
=1

k=1

¥ (s(t1))7 |

F(s(t2))"

(¥ (s(tp))"]

¥, (s(tp)) |

¥, (s(11))
| ¥1(s(02))

2 (1) ¥ (s(01)|

_Tl(s(tp)) TQ(S(tp))

Fu(s(tr)¥w (s(tr)

Yw (s(tr)Yw(s(te)

YUT=Yy, and UUT=Uy.

TQ(S(tl))
TQ(S(tQ))
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Py (s(11)) |
Py (s(t2))

Yw (s(tp))]
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