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ABSTRACT

REASONING ABOUT PERCEPTION UNCERTAINTY IN
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the Degree of Doctor of Philosophy (Electrical Engineering)

January 2025

In robotics, nonlinear Model Predictive Control (MPC) has emerged as a
promising tool to generate complex motions while enabling online adaptation of
the robot behavior as the environment changes. However, the lack of efficient
computational methods hindered its widespread deployment on real hardware. In
practice, MPC formulations and computational methods are often simplified to
obtain real-time capable controllers. In this thesis, we develop efficient numerical

methods to fully leverage the promises of MPC on robots by ensuring safe and



ix
globally optimal plans while being aware of the uncertainty resulting from the
partial sensing of the environment.

In the first part of this thesis, we present several contributions to state-feedback
MPC. Specifically, we introduce a state-of-the-art solver for constrained nonlinear
MPC. We propose the first demonstration of closed-loop nonlinear MPC with hard
constraints on an industrial manipulator. Then, we present a method to obtain
globally optimal plans using function approximation. Next, we investigate how
online estimation enables us to leverage force sensor information in state-feedback
MPC. This results in state-of-the-art performance on challenging tasks involving
contact interaction.

While online estimation can enable complex sensor feedback, this is insufficient
to reason about the uncertainty resulting from the partial sensing of the world.
In the second part of this thesis, we show how solving the estimation and control
jointly enables optimality under uncertainty. We propose an efficient numerical
method to solve dynamic game control with imperfect information and demonstrate
the ability of the approach to significantly improve performance on hardware in

the face of uncertainties.
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Chapter 1

Introduction

In recent years, we have seen a tremendous amount of progress in Robotics.
Robots are starting to be able to manipulate complex objects [8, 37, 79], and legged
robots can now traverse challenging terrains [1, 73, 84]. Nevertheless, robots are
mostly confined to factories or research laboratories. While in the past decades, a
large number of repetitive and difficult tasks were automated, there still remain a
wide variety of physically challenging and dangerous jobs. Today, sectors such as
construction and agriculture still suffer high rates of injuries or fatal accidents *.
Enabling the deployment of robots outside factories could yield major positive
impacts in those fields. From a technical perspective, one of the key challenges is
the necessity of deriving controllers that can consistently adapt to novel situations.
Factories can be designed to facilitate the deployment of robots and in many cases,
robot motions can be preplanned once and for all. In contrast, environments such
as field crops or construction sites are never the same, and one can hardly plan

coherent robot motions ahead of time.

1
https://www.bls.gov/charts/census-of-fatal-occupational-injuries/civilian-occupations-with-high-fatal-work-injury-rates.htm


https://www.bls.gov/charts/census-of-fatal-occupational-injuries/civilian-occupations-with-high-fatal-work-injury-rates.htm

Figure 1.1: Construction workers on high metallic beams

Figure 1.1 shows construction workers on high metallic beams executing complex
tasks. Most likely, those workers have never been to those places. Today, deploying
robots in such settings remains extremely challenging for several reasons. First, our
modeling of the world does not encompass all physical phenomena. For instance,
in robotics, it is extremely challenging to model actuator dynamics, friction, joint
elasticity, or communication delays accurately. Second, our perception of the state
of novel environments is limited. For instance, one can hardly know beforehand
how slippery the metallic beams are. Lastly, deploying robots outside factories
always comes with some danger. In our example, there is a high risk of falling from
the metallic beams.

While the concept of risk can be defined in many ways, we will consider risk
to be the effect of uncertainty on objectives. In settings such as those depicted in
Figure 1.1, a robot would have to carefully reason about uncertainties to account
for the risk. In these scenarios, the objective could be defined as completing a
manipulation task without falling while one of the sources of uncertainty could be
the slipperiness of the beam. This unknown slipperiness could affect the objective
by making the robot fall. Without any uncertainty, everything could be perfectly

planned ahead of time, and the robot could technically move quickly while stepping
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next to the edges of the beams. However, in the presence of uncertainty, we expect
a controller to reason about the potential inaccuracies of its plan. In practice, this
could mean stepping only at the center of the beams and avoiding dynamic motions
in order to always get the time to stabilize the robot when something does not go
as planned.

Humans or animals can naturally adapt in the face of risk and behave cautiously.
However, automatically adapting the degree of cautiousness according to the level
of danger and uncertainty is an open problem in Robotics. In this thesis, we aim
to make progress in that direction. More precisely, we aim to address the following
question: How can we design controllers that reason online about novel

situations despite perception uncertainty?

1.1 Model Predictive Control

Model Predictive Control (MPC) has become popular for online robot decision-
making. It has shown compelling results with all kinds of robots ranging from
industrial manipulators [102], quadrupeds [129, 139, 164] to humanoids [44, 104].
The general idea of MPC is to formulate the robot motion generation problem as
a numerical optimization problem, i.e., a finite horizon Optimal Control Problem
(OCP), and solve it online at every control cycle using the current state estimate
as the initial state. By re-planning at each control cycle, the controller can adapt
the robot behavior as the state of the system and environment change. Figure 1.2
provides an illustration. Unlike standard robotics controllers such as PID or
Inverse Dynamics (ID), MPC does not track a pre-planned trajectory. In case a

disturbance is encountered, the controller searches for a new optimal path and does
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not necessarily aim to reject the perturbation. Intuitively, it will either ignore or

reject the disturbance depending on whether it aligns with the high-level objective.

New state

Initial state Initial state

(a) Given a state, MPC plans a trajectory. (b) After a control cycle, the plan is not
The first control input of the trajectory executed as expected because of a distur-
can then be applied to the system. bance. MPC re-plans a new trajectory.

Figure 1.2: MPC illustration

1.1.1 The real-time constraint

MPC was originally developed to control chemical plants which have very slow
dynamics [128]. In contrast, robots require extremely high replanning frequencies.
For instance, when the leg of a quadruped enters into contact with the ground at an
unexpected time, it is crucial to re-plan and adapt within milliseconds [192]. This
raises many technical challenges as solving an OCP can be very computationally
demanding. Furthermore, in order to execute complex motions and interact with
the environment, it is crucial to directly control the torque of the robot [89, 102].
This allows the MPC to reason simultaneously about the joint space and the

forces applied to the environment, a crucial requirement to perform locomotion and
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manipulation. However, this implies optimizing over the full nonlinear dynamics of
the robot, which can make the optimization problem nonconvex.

Furthermore, ensuring safety with MPC is challenging. One way to guarantee
safety is to incorporate hard constraints in the OCP. Unfortunately, this can greatly
slow down the solving time. For this reason, to date, in robotics, MPC has mostly
been used as a planner by combining it with simpler controllers. Consequently,
the final behavior obtained by the robot can differ from the optimal whole-body
trajectory since the lower controller is free to act as a filter and modify the
trajectory [71, 164]. Ideally, a robot should adapt with versatility to perturbations
during a dynamic task and not reject perturbations naively. For instance, if a
human operator helps a robotic arm by pushing it towards its goal, the robot should
be compliant and not reject the perturbation. For these reasons, closing the loop
with constrained MPC on torque-controlled robots holds the promise of obtaining
safe, agile, and compliant robots.

In robotics, Differential Dynamic Programming (DDP) [125] is a popular choice
to solve OCPs because it exploits the problem’s structure well. This advantage
has led to a bustling algorithmic development over the past two decades [5, 68,
87, 92, 93, 114, 119, 120, 122, 141, 148, 161, 170]. In light of the increasing
number of variations of DDP, one might naively ask: why not use well-established
optimization algorithms [143]7 Is there anything special about MPC that cannot
be tackled by, for example, an efficient implementation of Sequential Quadratic
Programming (SQP) [187]? In this thesis, we show that special implementations
of numerical methods developed by the optimization-based control community
[53, 65, 106, 144, 174, 183] are, in fact, sufficient to perform closed-loop constrained

MPC on a torque-controlled robot.



1.1.2 Overcoming local behavior

One limitation of existing MPC formulations in robotics is that without an
appropriate design of the terminal cost and constraint set, MPC with a finite
horizon is not guaranteed to be globally stable, optimal, or recursively feasible [126].
In robotics applications, MPC exhibits local behaviors for two main reasons. The
first is the use of a finite horizon, which creates local minima. The second is that
practitioners often rely on local Trajectory Optimization (TO) techniques. In
practice, this has led roboticists to spend a lot of time designing cost functions to
avoid local minima. Infinite-horizon constrained MPC is a compelling framework as
it ensures global stability [76]. In other words, it can guarantee that any initial state
converges to a zero-cost stable state while satisfying hard constraints. Unfortunately,
in the general case, the problem is intractable and has to be approximated [22].

Reinforcement Learning (RL) [22, 168] appears as a good candidate to move the
compute time offline by approximating policies or value functions. It has recently
shown impressive results in locomotion [1, 84] and manipulation [37, 79]. However,
these techniques are subject to the curse of dimensionality and can be unsafe
outside of their training distribution. Also, incorporating safety by imposing hard
constraints is challenging with current RL tools. In contrast, by re-planning online,
constrained MPC can adapt to novel situations and ensure safety.

Combining the advantages of online and offline decision making is appealing, and
it has proven to be highly effective in the context of games such as Go or Chess [162].
In the context of robotics, it could allow maintaining safety and ensuring hard
constraints while leveraging the full potential of function approximation. In this
thesis, we propose to combine MPC and value function approximation. The infinite

horizon value function is approximated using neural networks and trained using
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value iteration and local gradient-based optimization. Then, during deployment,
the approximated value is used as a terminal cost for the OCP. We will show
that the approximated value function provides a global behavior while the online
optimization compensates for approximation errors and ensures hard constraint

satisfaction even outside of the training distribution.

1.1.3 The challenges of force control

Another limitation of the current MPC formulations in robotics is the difficulty
to reason about output signals such as force. Many tasks require accurate control of
contact forces exerted on the environment: polishing, grinding, grasping, etc. This
skill, trivial to humans, remains beyond most robots’ abilities despite continuous
progress in robotics research over the past decades. While MPC affords the online
synthesis of complex motions, it remains fundamentally limited in its ability to
control physical interaction. As a matter of fact, although force sensors have been
used since the early days of robotics [184], they remain notably absent from modern
control techniques relying on model-based optimization.

This is partly because predicting the evolution of contact forces is challenging in
general and involves sophisticated models [41] that are too specific or impractical for
real-time applications. Hence, the contact models used in practice for optimization-
based control are kept simple for algorithmic convenience [60]. However, these
simplifications hinder the ability to derive meaningful control policies in contact
with explicit force feedback. To this day, the predictive feedback control of contact
forces remains an open problem.

In this thesis, we show that a simple reformulation of the optimal control

problem combined with standard estimation tools enables us to achieve state-of-the-
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art performance in force control while preserving the benefits of model-predictive
control, thereby outperforming traditional force control techniques. This paves
the way toward a more systematic integration of force sensors in model predictive

control.

1.2 Reasoning about uncertainty

While high frequency re-planning can be combined with online estimation to
adapt the model of the controller to unforeseen situations, this is not sufficient
to safely reason about the risk due to the perception uncertainty. Indeed, by
separating estimation and control, the model predictive controller only relies on a
state feedback and fully trusts the perception. Consequently, the uncertainty that
results from the partial sensing of the world is ignored. In practice, a controller
should adapt to the degree of certainty or confidence in the robot’s belief about the
world. For instance, coming back to the example depicted in Figure (1.1), unless
we have a perfect model of the beam’s slipperiness, we expect a robot to behave
conservatively because of the risk of falling.

Nevertheless, the common practice in robotics is to decouple estimation and
control (i.e., assume that the certainty equivalence principle holds) [44, 101, 108,
139, 164]. This approach is often chosen due to the availability of separate and
tractable control and estimation algorithms that can be deployed on the robot. The
estimation module is often a variation of a Gaussian filter, such as an Extended
Kalman Filter (EKF)[97], which computes both the mean and uncertainty of
the state estimates from sensor information. In control, MPC can then adapt

its behavior online based on the current robot and environment states. During
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deployment, the estimation module is used to compute the mean of the state
estimate, which is then passed on to the controller to compute the optimal behavior
44, 101, 108, 139, 164]. Unfortunately, relying on the most likely outcome can lead
to catastrophic behavior. For instance, on a load-carrying task with a quadruped
where the mass of the load is unknown, the notion of mean might not be appropriate
as this could lead the quadruped to apply insufficient force on the ground and then
fall.

Some approaches try to address this issue by adding robustness or safety bounds
in either the estimation or control block while keeping them independent. For
instance, Robust Extended Kalman filtering [57] adds robustness to inaccuracies of
the EKF or the model. However, the control objective is disregarded, and therefore
the controller cannot be robust to estimation uncertainties. Robust MPC has been
studied and applied to robots. [176] used tube-based MPC to control a biped.
[67] used linear stochastic MPC to account for uncertainties in bipedal walking.
However, this line of work assumes the state to be known. In contrast to such
approaches, we aim to link estimation and control by adding to the estimation
module a notion of control performance to improve robustness to the estimation
uncertainty.

As Mayne [126] advocates, one meaningful way to properly take into account
the measurement uncertainty is to use a minimax formulation linking control and
estimation. This problem has been extensively studied in [39, 40], which shows that
a specific dynamic game formulation leads to MPC approaches with bounded state
trajectories and provides an explicit characterization of these bounds. However,
the minimax problem was solved with an interior point method without taking

into account the specific structure of the problem and the sparsity induced by time.
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In this thesis, we derive an explicit iterative solution that fully exploits sparsity,

resulting in an algorithm that linearly scales with the time horizon length and
which can be easily warm-started for use in MPC schemes [121].

Despite having been widely studied theoretically, to the best of our knowledge,
dynamic game control with imperfect state observations has not been approached
from a numerical optimization point of view. In this thesis, we consider the general
problem of dynamic game control with imperfect state observation and present
a numerically efficient provably convergent algorithm to solve it. The solution
presented generalizes commonly used techniques such as the extended Kalman
smoother and Differential Dynamic Programming. The proposed solution fully
exploits the sparsity of the problem and scales linearly with time, making it a

promising method for online reasoning about perception uncertainty.

1.3 Statement of purpose

In this thesis, we aim to derive controllers that reason online about novel
situations despite perception uncertainty. Performing Model Predictive
Control on torque-controlled robots is a promising way to synthesize complex and
compliant motions in novel environments. However, as of now, MPC practitioners
in robotics have suffered from three main limitations. The first limitation is the
challenge of incorporating hard constraints. While these are crucial for safety,
hard constraints can significantly slow down the compute time and introduce local
minima. The second limitation is that existing MPC frameworks can hardly reason
about output signals like force. Furthermore, state-feedback MPC naively trusts

the most probable state estimate and therefore ignores the risk associated with the
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partial sensing of the environment. In this thesis, we propose several contributions

to overcome these limitations.

1.4 Contributions

In this thesis, we propose a set of algorithmic, experimental, and software
contributions.

First, a state-of-the-art solver for nonlinear constrained MPC is introduced and
deployed on an industrial manipulator. To the best of our knowledge, this is the
first demonstration of closed-loop nonlinear MPC with hard constraints on real
hardware. Then, we propose a method to overcome the local behaviors of MPC
using function approximation. Furthermore, we show how to endow MPC with
force feedback using online estimation and demonstrate how the proposed method
results in state-of-the-art performance on tasks involving force tracking.

Second, an efficient numerical method is proposed to solve dynamic game control
with imperfect state observation. We demonstrate the ability of the method to
reason about risk by directly considering sensor information. This formulation is
then used to derive a risk-sensitive filter. Robot experiments demonstrate the ability
of the approach to significantly improve performance in the face of uncertainties.
To the best of our knowledge, this is the first time that a nonlinear risk-sensitive
output-feedback MPC controller has been deployed on a robot.

All the proposed algorithms are accompanied by open-source software to ease

reproducibility.



12
1.5 Outline

Part I introduces several contributions in state-feedback Model Predictive

Control.

e Chapter 2 provides a comprehensive review of the literature on numerical
methods for optimal control and introduces an efficient implementation of an

SQP solver relying on a ADMM QP tailored for optimal control.

e Chapter 3 shows how to use function approximation to overcome the local

behavior of constrained trajectory optimization.

e Chapter 4 shows how to use online model adaptation to perform force-feedback

in MPC.

Part II investigates how online optimization can be used to reason about the risk
due to the perception uncertainty by solving the estimation and control problem

jointly.

e In Chapter 5, we derive a stagewise Newton method for dynamic game control
with imperfect state observations. The proposed solver couples estimation
and control by merging an iterative optimal control algorithm similar to

minimax DDP and an iterative risk-sensitive Kalman smoother.

e In chapter 6, we present a risk-sensitive Extended Kalman Filter that can
adapt its estimation to the control objective, hence allowing safe output-

feedback MPC.
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1.6 Notations

The partial derivative of a function f with respect to a vector v is denoted
by 0, f or f. The second-order derivatives with respect to vectors u, v are
denoted as 0,0, f or f*. The gradient of a scalar function f with respect
to a vector v is denoted by V, f. The Hessian with respect to vectors u, v is
denoted as V2, f. Bold characters are used to denote a sequence of vectors
indexed over a time horizon, e.g., v .= {vy, -+ , vy, -+ }. If (v;);en Is a sequence
of vectors, then v, is a vector concatenating vy, ... v;. 1,ec4 is the indicator
function, which equals 1 if z € A and 0 otherwise. I,, denotes the identity

matrix of size n by n.
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Chapter 2

Stagewise Resolution of Optimal

Control Problems

The promise of model-predictive control in robotics has led to extensive develop-
ment of efficient numerical optimal control solvers in line with differential dynamic
programming because it exploits the sparsity induced by time. In this Chapter!,
we argue that this effervescence has hidden the fact that sparsity can be equally
exploited by standard nonlinear optimization. In particular, we show how a tai-
lored implementation of sequential quadratic programming achieves state-of-the-art
model-predictive control. Then, we clarify the connections between popular algo-
rithms from the robotics community and well-established optimization techniques.

Further, the sequential quadratic program formulation naturally encompasses the

!This chapter is adapted from the original publication : A. Jordana*, S. Kleff*, A. Meduri*,
et al., ”Stagewise implementations of Sequential Quadratic Programming for Model-Predictive
Control. Submitted to Transactions on Robotics (T-RO). This work is the result of a collaboration
with equal contribution between Armand Jordana, Sebastien Kleff, and Avadesh Meduri. In
particular, the dissertation’s author (Armand Jordana) contributed to the development and
implementation of the algorithms, the literature review, the hardware experiments, the benchmarks,
and open-sourcing of the mim-solvers library.
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constrained case, a notoriously difficult problem in the robotics community. Specif-
ically, we show that it only requires a sparsity-exploiting implementation of a
state-of-the-art quadratic programming solver. We illustrate the validity of this
approach in a comparative study and experiments on a torque-controlled manipula-
tor. To the best of our knowledge, this is the first demonstration of closed-loop
nonlinear model-predictive control with constraints on a real robot.

Mayne first introduced DDP [125] as an efficient algorithm to solve nonlinear
OCPs by iteratively applying a backward pass over the time horizon and a nonlinear
forward rollout of the dynamics. This algorithm notably exhibits linear complexity
in the time horizon and local quadratic convergence [137]. More recently, Todorov
revived the interest in DDP by proposing the iterative Linear Quadratic Regulator
(iLQR) [114], a variant discarding the second-order terms of the dynamics. It has
since gained a lot of traction within the robotics community [93, 104, 120, 139, 164],
and its similarity to Gauss-Newton optimization has been established [14, 161].
This family of algorithms is often referred to as single-shooting algorithms[68]. All
of them only optimize over the control inputs while the state variables are indirectly
optimized through the dynamic constraints using either a linear or non-linear rollout.
Single shooting methods are efficient because they optimize over fewer variables.
However, these approaches face two main limitations: 1) as a single shooting
method, it requires a dynamically feasible initial guess and therefore, it can be
difficult to warm-start it with a specific state trajectory, an essential requirement to
reduce computation times [68] and 2) enforcing equality and inequality constraints
is not straightforward. The common practice is to enforce constraints softly using
penalty terms in the cost function. But this approach is heuristic (i.e., it requires

cost weight tuning) and tends to cause numerical issues [71].
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Bock and Plitt [26] introduced multiple shooting for optimal control to address

the first limitation: it accepts an infeasible initial guess. Multiple shooting methods
optimize over both the state and control variables independently, which means they
do not need dynamic feasibility at the start. During optimization, multiple shooting
methods reduce the dynamic infeasibility or gaps between the state and control
variables. Finally, at convergence, a dynamically feasible solution that minimizes
the cost is returned [68]. Later, several multiple-shooting variants of DDP /iLQR
were proposed [68; 120] with significantly improved convergence abilities, which
have enabled nonlinear MPC at high frequency on real robots [44, 102, 120, 139].
Hybrid algorithms - algorithms that use a combination of single and multiple
shooting techniques - such as iLQR-GNMS [68] have also been proposed.

The second issue of enforcing constraints inside a DDP-like algorithm has
been addressed in several works. Tassa et al. [170] use a DDP-based projected
Newton method to bound control inputs. This approach has further been improved
and deployed on a real quadruped robot in [122]. More recently, augmented
Lagrangian methods have been used to enforce constraints in iLQR/DDP algorithms
[5, 87, 92, 148]. However, their convergence behavior is less understood than DDP,
whose seminal paper [125] was followed by sophisticated proofs [137]. To the best of
our knowledge, it has not yet been shown that those recent DDP-based algorithms
exhibit global convergence (i.e., convergence from any initial point to a stationary
point) and quadratic local convergence.

Besides, an open topic of debate is whether to use a nonlinear or a linear rollout
to enforce dynamics constraints in the forward pass. Previous work on single
shooting methods has argued that a nonlinear rollout can reduce the number of

iterations [115], while Zimmermann et al. [196] & Baumgértner et al. [14] showed
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mixed results both experimentally and theoretically. Recently, a nonlinear rollout
was implemented by a popular multiple-shooting variant of iLQR [120]. However,
we are unaware of any comparisons between linear and nonlinear rollouts in the
context of multiple shooting methods.

In the face of these challenges, we propose to take a fresh look at the earlier
literature. Indeed, Dunn et al. showed that Newton’s method could also be
implemented in a DDP-like fashion and equally benefit from linear complexity
in the time horizon and quadratic convergence [55]. This finding indicates that
optimal control does not fundamentally require new nonlinear optimization tools
but only tailored implementations that exploit the time-induced sparsity structure.
This naturally has led to numerous extensions to the constrained case. For example,
Wright proposed to use an SQP formulation with an active set to address arbitrary
nonlinear constraints [187]. However, because of the limitations of active set
methods, Wright focused on the single shooting case resolution. Then, Pantoja et al.
proposed an efficient implementation of SQP for control inequality constraints [146].
Di Pillo et al. proposed a tailored implementation of a Quasi-Newton method with
an augmented Lagrangian-based approach [46]. Dohrmann et al. studied equality-
SQP for optimal control [51]. Additionally, several others studied the tailored
implementation of Interior Point Methods for optimal control [52, 56, 150, 166, 189].

In the late 2000’s, with the promise of high-frequency linear MPC, a large body
of work studied how to tailor Quadratic Programming (QP) for the Constrained
Linear Quadratic Regulator (CLQR) problem. This was done with active set
methods [61, 152], ADMM-based solvers [144] and interior-point methods [65, 183].
We refer the reader to Kouzoupis et al. [106] for an extensive survey. More recently,

efficient ADMM implementations for GPUs and onboard microcontrollers have
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been proposed [2, 25].

To solve the nonlinear case, Verschueren et al. [174] recently proposed efficient
software with an SQP implementation for OCP. Domahidi et al. [53] proposed to use
interior points with a tailored implementation in the case of affine dynamics. More
recently, Vanroye et al. [173] studied how to exploit the sparsity induced by time
in IPOPT [180]. Unfortunately, this line of work has not benefited from as much
experimental study as DDP-like algorithms. Recently, Gradnia et al. [72] showed
impressive experimental results on quadrupeds using a tailored SQP implementation
based on HPIPM [65], which lies in the continuity of previous works using [65, 174]
on real hardware [28, 145, 153]. However, to the best of our knowledge, we are not
aware of closed-loop constrained nonlinear MPC on torque-controlled robots.

Recently, Katayama et al. [98] reviewed the models and optimization algorithms
used in robotics in the context of MPC. As emphasized in this survey, we argue that
there is a gap between the optimization-based control and the robotics community:.
On the one hand, an important part of the robotics community followed the
successes of Tassa et al. [169] and continued to propose DDP-like algorithms. On
the other hand, the optimization-based control community followed the work of
Wright and Pantoja et al. [146, 187] and proposed efficient implementations of
established optimization algorithms [106, 173, 174]. In this thesis, we aim to bridge
this gap.

In this Chapter, we follow the line of thought of the optimization-based control
community in order to push the limits of closed-loop nonlinear MPC in robotics.
First, we shed light on the direct connection between modern multiple-shooting
DDP-like algorithms and textbook SQP algorithms. Second, we show through an

experimental study that a standard stagewise SQP formulation is, in fact, superior
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to the state-of-the-art FDDP [120]. Third, we propose a stagewise alternating

direction method of multipliers (ADMM) QP solver inspired by OSQP [167].
The proposed QP solver, OSQP_OCP, leverages Riccati recursions in order to
maintain linear complexity in the time horizon while also enforcing constraints.
Using this custom QP implementation inside the SQP formulation, we can solve
arbitrary nonlinear constrained OCPs efficiently while inheriting the well-known
convergence properties of standard SQPs. Lastly, we demonstrate the ability of
this SQP formulation to perform closed loop nonlinear constrained MPC on a
torque-controlled manipulator. To the best of our knowledge, this is the first
demonstration of closed-loop nonlinear MPC with hard constraints on a real robot.
The optimization software is integrated with Crocoddyl [120] and is available

open-source (https://github.com/machines-in-motion/mim_solvers).

2.1 Sequential Quadratic Programming for Opti-
mal Control Problems

In this Chapter, we study constrained optimal control problems of the form:

T-1
min Zﬁk(wk, uk) + éT(a:T) (21&)

x,u k:0
subject to  xpy1 = fe(vg,ug), 0<k<T, (2.1b)
ck(xk,uk) > 0, 0<k< T, (21C)

cr(rr) >0, (2.1d)


https://github.com/machines-in-motion/mim_solvers
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where & = (x1, ..., x7) is the state sequence, u = (ug, u1, ..., ur_1) the control inputs

and zy is the initial state provided by the user (e.g., estimated state). The transition
functions, fx, the cost functions, ¢, and the constraint functions, ¢, are supposed
to be twice differentiable. To keep notations simple, we formulated the OCP with
inequality, which also encompasses equality constraints. Yet, equality constraints
can be treated separately from general inequalities in practice.

Considering the state sequence as an optimization variable allows the opti-
mization procedure to iterate through infeasible trajectories, yielding a multiple-

shooting approach [26].

Remark 1. One may choose to optimize only on the sequence of control inputs and
define the dynamics constraints implicitly, yielding a single shooting approach. In
that case, if no inequality constraints are considered, the problem is unconstrained
and can be solved via an efficient implementation of Newton’s method [55] or with

a modified Newton’s method with a nonlinear rollout, namely DDP [125].

In this thesis, we focus on multiple-shooting approaches. The associated La-

grangian is:

L(z,u, A, p) = lr(z7) — prer(rr) + (2.2)
T—-1

Z fk(xk, Uk) - )\kTH(IkH - fk(xk, uk)) - ukTCk(xk, Uk);

k=0

where A = (A, ..., A\r) " and pu = (uo, ..., ur) " are Lagrange multipliers.
Intuitively, SQPs iteratively solve QPs to find a tuple (@, u, A, ) that satisfies
the KKT conditions [143]. Note that we consider the constraint xy = Zo to be

implicit. Therefore, no Lagrange multiplier is associated with that constraint. For
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simplicity, we slightly abuse the notation by referring to ly(zg, ug) instead of Iy(u
p Y, ghtly Yy g 0{Zo, Uo o{Uo

even if xg is fixed.

Remark 2. Note that one might also want to consider a generic constraint on the
initial condition c(xo) (e.g., in the context of robust control [124]). To do so, the
initial condition must be considered an optimization variable. Although we do not

consider this setting to clarify derivations, our work naturally extends to this case.

More precisely, at the n™ iteration, given a guess on the tuple (™, w, A pnl);
we aim to find a correction on the guess by solving the following QP problem (Al-

gorithm 18.1, [143]):

T T
! Axy, Qr Sk| |Axy N dk Axy,

k=0 Ay, ST Ri| |Auy Tk Ay,

+ %Ax;QTAxT + Azlqr (2.3a)

St Axg = ApAxy + BrAug + Y541, 0 < k< T, (2.3b)
Dy Axy, + E.Auy, + ¢, > 0, 0<k<T. (2.3c)
DrAxr +cp > 0. (2.3d)

where qr = ngT(ZL‘L}L]) and

Qr = (V2,br — 13 V2,er) () (2.4)
Qr = (V2.0 + Mo V2 fi — V2, ()l
Sk = (V2,0 + A V2, fe — 1 V201) (2 )
Re = (

V2l + N V2 fe — 1 V2 ) (22 ul
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A = fok(ngn],ugcn]), ufk(xgqn],uk ) 0<k<T.
@ = Vali(a "), = Vile(a) )
= Vmck(atgfn],ugfl), E.=V ck(avgC ],u,[f])

cp = ck(xgl], UZL}), Dy = VwcT(an]) (2.5)

Qr, Sk, Ry are the Hessians of the Lagrangian with respect to the state and control
inputs, Ay and B, are the dynamics Jacobian, Dy, Ej, Dy are the constraint
Jacobian and i1 = fk(an], uk ) — xﬁl is the constraint violation which is often
referred to as dynamic gaps [120] or defects [68]. Note that this formulation of SQP
and its associated QP is precisely the same as the one proposed in the seminal

multiple-shooting article [26].

Remark 3. In his seminal work introducing multiple shooting [26], Bock exploits
the sparsity of the quadratic problem of Eq. (2.3) induced by the multiple shooting
structure yielding a cubic complexity in the time horizon, T'. Instead, this work

exploits the sparsity induced by time in order to achieve a linear complezity.

The solution of the QP (Ax, Aw) is then used to update the guess:

= 2l L oAz (2.6a)

u" =yl 4 aAu (2.6b)

Here, o is the step size and is chosen using a line search method. A"+ and pl*+1 are
then replaced by the associated Lagrange multiplier of the QP (2.3) [143]. Provided
assumptions on the Problem (2.1), SQPs can guarantee local quadratic convergence

or super-linear convergence in the case of quasi-Newton approximation [143].
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In this section, we review the case when the OCP has no constraints to recall

the equivalence between the backward Riccati recursions used in DDP and a special

type of Gaussian elimination for tridiagonal matrices, specialized to the sparsity

pattern of the KKT system arising in OCPs. This result, insufficiently known in

the robotics community, will then be exploited to propose a novel extension to the

constrained case.

Proposition 1. Without inequality constraints, the KK'T conditions of Problem

(2.3) can be written as a block tri-diagonal symmetric matriz equation.

I M1T 0
M, Ty M2T

0 My, T4

0 0 M

0 0 0

where:

Ri_1 0

Iy = 0 Qk

—By_1 1

T
_kal

M, =

51

52

53

Sq

ST

(451

g2

g3

g4

gr

A
0 O
0 —A;

0
0
0

2.7)
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Auk_l —TE—1
and sp= | Azy |» 9= | —q |- (2.8)
— Ak Vi

The proof is only computational and is detailed in the supplementary material A.
Note that we slightly abuse the notation by using the A as the Lagrange multiplier
for both the QP and the nonlinear problem. The most straightforward way to solve
such a system is to apply Gaussian elimination by using the well-known Thomas
algorithm [111] (Algorithm 1) to achieve a complexity in O(T'm?3) where m is the

size of the control vector.

Algorithm 1: Thomas algorithm

1 fT — FT

2 gr < Ir'gr

/* backward pass */
for k< 1toT —1do

[N

G < DM (g — MY Grsr)
/* forward pass */
514 01
for k< 1toT —1do
L Skt1 < Ger1 — Dty Misy

[

=N O

In particular, we use the knowledge of the structure (sparsity pattern) in both
I'y, and M, to recover simpler recursions. This leads to another way of obtaining
the backward Riccati equations of LQR, which is accepted knowledge in the
optimization-based control community [14, 47, 55, 106, 187] but is largely ignored

in robotics.

Proposition 2. By applying the Thomas algorithm, we recover the well-known

Riccati recursions. Specifically, the backward pass can be done by initializing
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Vr = Qr and vy = qr, and then by applying the following equations:

hi, = 15, + By (Vg1 + Vir1Ve41) (2.9)
Gr =5, +B Vi1 Ay Ky =—H_'Gy
H;, = Ry, + B, Vi1 By, kp = —H_ " hy,

Vi = Q1. + AL Vi Ay — K} Hi K,

v = @ + Ky e+ (Ag + K Br) " (Vg1 + Viep1 Y1)

Then, the forward pass initializes Axg = 0 and unrolls the linearized dynamics:

Proof. The proof is mainly computational and relies on the analytical inversion of

[}, in order to prove by recursion that:

Rp.s 0 —Bl,

'y, = 0 Vi I (2.11a)
—B,_, 1 0
—Tk—1
gr=T | —u (2.11b)
Vk

In other words, the recursion on I’y and g, can be substituted by the recursion

on the value function Hessian and gradient. The forward recursion can then be
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recovered using sg11 = Jry1 — I_“,;LM 15k and the analytical inversion of I'j. Detailed

derivations are provided in the supplementary material A. O]

This result shows that the backward Riccati equations used for Linear Quadratic
Regulators (LQR) are an efficient technique for solving Quadratic Programs with a
tri-diagonal symmetric KKT matrix. Consequently, these equations are ideal for

solving OCPs with linear dynamics and quadratic costs.

Remark 4. A vast amount of literature exists on tri-diagonal matrices. Under-
standing the structure of the KKT matrices inherent to OCP enables the use of
any of these techniques directly. There are methods to factor those matrices or to
solve them more efficiently. For instance, parallel cyclic reduction can be used in
order to achieve a O(log(T')) complezity, which might be interesting for problems
with long time horizons [63, 142, 155, 188].

2.3 Solving the constrained QP

We are now in the position to extend the discussion of the previous section to
the case with inequality constraints. When inequalities are added, the underlying
KKT system associated with the QP defined in (2.3) will have the same tri-diagonal
structure. Therefore, similar recursions can be used to solve it efficiently. For
instance, HPIPM [65] derives efficiently an interior point method. We chose to
tailor OSQP [167] for OCPs because it can handle infeasibility better than HPIPM
and ADMM-based methods are known to find a reasonably good solution in a
few iterations [27, 64], two appealing features for MPC applications. Finally, as
originally discussed by [144], ADMM-based methods can easily be implemented

sequentially. We illustrate this by deriving a tailored implementation of the modern
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ADMM-based solver OSQP [167] for OCP. However, we would like to highlight that

the reader could choose any other desired sparsity-exploiting QP solver depending

on their preference.

2.3.1 Background on ADMM

Here, we follow [27, 167] to briefly summarize ADMM. Using generic notations,

Problem (2.3) aims to solve a problem of the form:

min g(v) s.t. PveC (2.12)
ve€Dom(g)

Note that we use generic notations of the QP literature in this section. Hence,
v denotes the optimization variable. Furthermore, P is a matrix, ¢ is a convex

function, and C is a convex set. The ADMM updates are then:

/! = argmin g(v) + BHPU — 2+ 7|3
vEDom(g) 2
+ - o3 (2.132)
A = aPy ™t + (1 —a)s! (2.13Db)
v = a4+ (1 - a)? (2.13c)
=Tl (F4 + p7 1) (2.13d)
Yt =y 4 p (giﬂ _ ZJ'H) (2.13e)

where Il¢ is the projection operator on the convex set C, p is the penalty parameter
that encourages consensus between v and z, and « € (0,2) is an over-relaxation

parameter that improves convergence speed (e.g., when set between 1.5 and 1.8 [27]).
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2.3.2 Tailored ADMM for optimal control
Here, we present the ADMM-based QP solver [27], which is tailored for optimal
control problems. The presented algorithm is mainly inspired by [144]. We further
introduce more recent techniques developed in ADMM [27, 167] to the previous work
[144] to improve solver performance. Finally, we provide an efficient implementation
of the proposed solver, enabling reliable real-robot deployment.
In order to exploit the time-induced sparsity and leverage the Riccati recursions
specific to the OCP formulation, we design a QP solver that always maintains the
feasibility of the dynamics. More precisely, we consider the optimization variable

to be

v 2 (Az, Au)’ (2.14)

and ¢ to be the cumulative cost function defined in Eq. (2.3a), We propose to
define Dom(g) to encode the set of feasible linearized dynamics (2.3b) while Pv € C
encodes the path and terminal constraint (2.3¢) (2.3d). Importantly, considering
the linearized dynamics throughout the domain of g (instead of incorporating them
in Pv € C) is key to leverage the Riccati recursions. This choice makes our solver
differ from OSQP and we will show that this can lead to a faster convergence in
terms of the number of iterations. In the end, Eq. (2.13a) can therefore be written

as:
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T T

o |Axy Qr Sk| |Axy Qe Axy,
min g +

Az, Au

k=0 Auk SI;I— Rk Auk Tk Auk

+ Ax;QTAxT + Ax;qT + g HDTAxT — zgp + p_ly%Hz
T-1

+ > LDz + Buddu — 2+ o7,
k=0

T T-1
+ 05 18m = A, + > 5 [ Auw — Auf (2.150)
k=0 k=0
st Argpy = ApArg + BrAug + Vg (2.15b)

We denote ¢’ = (3, yl,...,y5) " and 27 = (2, 2], ..., 2}) 7. Therefore, Eq. (2.13a)
has the exact same structure as the unconstrained case mentioned in Section 2.2.
Note that the stagewise nature of the inequality constraints allows us to write the p
dependent regularization terms in a block-sparse way as well. More precisely, as each
inequality only depends on one time-step, the p dependent regularization term can
be written as a stagewise sum of quadratic cost. Consequently, Eq. (2.13a) can be
solved with a backward and forward pass similar to those of the unconstrained case,
ensuring a linear complexity in the time horizon. Furthermore, due to the stagewise
nature of the inequality constraint, Eq. (2.13b) - (2.13e) can be implemented

recursively or in parallel. Algorithm 2 summarizes the procedure.

2.3.3 Details on the QP

In our OSQP_OCP, we take o0 = 107% , a = 1.6 and consider the same schedule

as OSQP for the p-update [167]. Subsequently, the new backward recursion is only
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Algorithm 2: ADMM tailored for OCP
Input: Ax/, Au?, 27, y’

/* Minimization problem */
. ——Jjt+1 ——j+1
1 Solve (2.15) using LQR to get Ax™ |, Au
/* Lagrange multiplier update */

2 forl;(—ltoT—ldo

s | 2 =a(DpAr ™ + B Au ) + (1 - a)2
4 | Azt = a&c?jl + (1 —a)Az]

5 Aultt = a&ﬂjl + (1 — a)Aul,

6 | 2zl =max(c, Z +ptyl)

AR TN C A

8 2, = aDpAzs™ + (1 —a)2),
) —~ 41 )
9 ch%“ = &Ax]T’ + (1 —a)Azy,
10 25 = max(cr, 2 + p~typ)
" A T L
w oy =yp+ oz —2p)
Output: Az/t! Au/tt zitl 4+t

needed when p is updated (once in 25 ADMM iterations). This makes the algorithm
highly efficient when compared to a standard QP solver and the solver proposed in
[144] because the forward passes are very cheap (only matrix-vector multiplications),
and the inversion in the backward pass happens very few times. Furthermore, the
QP is warm-started by the solution of the problem with only equality constraint
(dynamic-feasibility). This comes at the cost of Riccati recursions but dramatically
reduces the total number of ADMM iterations required. Lastly, we compute a
relative primal and dual tolerance after each ADMM iteration as discussed in [27].

We use these quantities as termination criteria.
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2.4 Practical implementation of the SQP

2.4.1 Gauss-Newton approximation

A common practice is to ignore the second-order term of the constraints as it
is expensive to compute [68, 114, 120]. Subsequently, the second-order cost terms

become:

Qr = VixET(x[j?])a Qr = V2 gk(l'k ,Ugﬂ)

Sk V2 Ek(l‘kn],ukn]), Rk = V2 ék(fﬂk ,uk]), (2.16)

for 0 < k < T. A direct consequence is that (2.3) is now independent of the
multipliers. In this unconstrained case, the resulting SQP can be efficiently solved
by sequentially constructing a QP at each iterate and solving it with LQR. This
method was initially proposed as the Gauss-Newton Multiple Shooting (GNMS)
method in [68]. However, the connection to SQPs was not discussed in the paper.
Thus, GNMS is an efficient SQP algorithm to solve equality-constrained nonlinear
optimization problems with block separable constraints and costs when the second-

order terms are ignored.

Remark 5. Note that more sophisticated schemes estimating the exact Hessians
iteratively could be used as done in [26]. Furthermore, in the unconstrained case,
the recent work of [141] suggests that the convergence benefits might compensate for

the computational requirement of the second-order computations.
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2.4.2 Linear rollout
By nature of the SQP algorithm, the update step (2.6) is equivalent to making
a linear rollout of the dynamics (cf. (2.10a)). However, a nonlinear rollout is often
favored in DDP-like algorithms, e.g., in the popular Feasible-DDP algorithm [120]
or in ALTRO [87]. While [125, 137] studied well the local and global convergence
property of DDP, to the best of our knowledge there is no guarantee that these
nonlinear rollout formulations maintain global convergence in the multiple shooting
context. Hence, a theoretical analysis of algorithms such as Feasible-DDP remains
to be done. In contrast, SQPs benefit from a very exhaustive theoretical analysis,
convergence guarantees, and experimental validation in a variety of fields [143].
Furthermore, allowing the gaps to close in one step, as in [120], seems to go against

the spirit of the original formulation of multiple shooting with SQP [26].

2.4.3 Line search

Now that we essentially use SQPs with a QP that exploits the block sparsity,
we can leverage the vast literature of line search algorithms to select the right
step length (Eq. (2.6)). We compared both a filter line-search [62] and a merit
function-based line-search [143]. Let’s define the total cost of a trajectory, the total

gap violation, and the total constraint violation as:

T-1
ez, ) =N " 4@ wl) + o2, (2.17)
k=0
T-1
3@ oty = 57 [l el |
k=0 -
T-1 .
ezl by = [ck(mL},qul)} H + [CT(m[ﬁ)] H
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With the filter line search, a candidate 2"t [+ is accepted if:

Vi<n, £@"Y ul ) < gl o) (2.18a)
or Vj <n, (el wl) < y(xl ) (2.18b)
or Vi <n, el ultt) < e(@b) ul) (2.18¢)

In contrast, the merit function is of the form:
L(xV ully + M’Y(mm, um) + pree(x ully, (2.19)

where p, and p. are weights defined by the user. A step is accepted if the candidate
allows a decrease in the merit function. The downside of the merit function is that
the weight between each term has to be tuned, which can be cumbersome. On
the other hand, we found that the filter line search yielded good performances and
was more practical as no parameter tuning was required. In this filter line search,
the cost values, gap norm, and constraint violation of all the previous iterates are
stored and browsed. In our implementation, we provide the possibility of keeping
only a restricted number of iterates in memory and refer to this parameter as the
filter size. Although a filter keeping all the past estimates can help with problems
that require many iterations (e.g., to meet a strict tolerance), it can reasonably be
shortened or even discarded in practice for MPC applications. In our experience,

one can select a filter size of 1 without significant loss in convergence.
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2.4.4 Termination criteria

The solver is terminated once the infinity norm of the KK'T condition is below

a certain threshold. More precisely, the following termination criterion is used:

VL0, ul AR )| < esop (2.20)

VLl AP )| < esop

lefhy = feel )| < eser 0<k<T,
e ufh)] || < eser 0<k<T.
‘ [CT(I%}_ < €sQp-

We use here the convergence criteria widely used in the optimization community
[143]. Note that we do not employ a real-time iteration scheme [48] as we found
in practice that letting the solver converge led to better experimental results than
re-planning faster with a single SQP iteration.

As mentioned in [143], Al*U plr+1 are given by the Lagrange multiplier as-
sociated with (2.3). Note that we can compute them very efficiently due to the
recursions. In the unconstrained case, we can use (2.10c). In the constrained case,

we have,

e = ViAzy, + vy (2.21)

[k = Yk (2.22)

where Vi, vy, are derived from the Riccati recursions defined by Problem (2.15) and

where K:E/k, yr are the primal and dual solutions of the QP (at time k).



37
2.5 Experiments

In this section, we demonstrate the practical benefits of using a sparsity-
exploiting SQP implementation for nonlinear MPC with and without inequality
constraints. The solvers used in the benchmarks and experiments are open-sourced
in the mim_solvers library?, which uses Crocoddyl [120] as a base software. Rigid-
body dynamics computations are done using the Pinocchio library [33] and its
analytical derivatives [31]. All the benchmarks and figures presented in this Chapter
can be reproduced using the dedicated repository StagewiseSQP?.

Firstly, we benchmark the performance of our tailored SQP in the absence of
constraints (Section 2.2) against other popular methods that use non-linear rollouts.
We show that our tailored SQP implementation performs as well and sometimes
better than other methods to solve challenging OCPs. Secondly, we further rein-
force this claim by deploying the tailored SQP in high-frequency nonlinear MPC
experiments on a torque-controlled manipulator.

Thirdly, we demonstrate the validity of the SQP approach with our tailored
ADMM implementation (Section 2.3) in the presence of nonlinear inequality con-
straints by deploying it on real hardware in MPC. Our experiments show that
the solver can satisfy many nonlinear equality and inequality constraints while
maintaining real-time solve rates. Finally, we study the importance of sequential
implementations of the SQP in the constrained case, and we benchmark the timings

of the proposed OSQP_OCP solver with other state-of-the-art QP solvers.
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Figure 2.1: Percentage of problem solved as a function of the maximum number
of iterations allowed nji, on 4 randomized unconstrained OCPs for the 4 solvers:
DDP, FDDP with default line-search, FDDP with filter line-search and our SQP.
Our SQP exhibits a faster and more robust convergence on difficult problems, such

as the humanoid taichi task.
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2.5.1 Unconstrained case: Benchmarks
In this subsection, we compare the advantages and disadvantages of linear
and non-linear rollouts. As emphasized in Section 2.4.1, when only the dynamics
constraint is present, the efficient SQP formulation boils down to the GNMS
algorithm described in [68]. We propose for the first time to benchmark this
algorithm against state-of-the-art optimal control solvers, namely DDP [125] and
FDDP [120], on a set of difficult unconstrained OCPs, using a standard line-search

procedure and termination criteria drawn from the SQP literature.

2.5.1.1 Benchmark Setup

We present two benchmark setups that compare the convergence and average
iteration time of the following 4 solvers, namely DDP, FDDP using the default line-
search from [120], FDDP using the proposed filter line-search of Section 2.4.3, and
our SQP, on a set of increasingly difficult randomized problems. We summarized
the characteristics of these solvers (multiple or single-shooting, type of rollout,

and line-search) in Table 2.1. The classical single-shooting DDP and its multiple-

Multiple shooting | Rollout Line-search

DDP No Nonlinear Goldstein
FDDP (default LS) Yes Nonlinear | Heuristic [120]

FDDP (filter LS) Yes Nonlinear Filter [62]

SQP Yes Linear Filter [62]

Table 2.1: Solvers characteristics.

shooting variant FDDP (default LS) are the ones implemented in the Crocoddyl
library [120]. The FDDP (filter LS) was modified to incorporate the same filter

2https://github.com/machines—in—motion/mim_solvers

3https://github.com/machines—in—motion/StagewiseSQP


https://github.com/machines-in-motion/mim_solvers
https://github.com/machines-in-motion/StagewiseSQP
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line-search as our tailored SQP implementation. We use the largest possible filter
size for both solvers, i.e., the maximum number of iterations.

To evaluate the performance of these solvers, the following OCPs are used:

o Kuka (n, =14, n, = 7) : the task is to minimize the Cartesian distance to
an end-effector goal (3D reaching task in Cartesian space) under state (joint

positions and velocities) and control (joint torques) regularization.

e Quadrotor (n, = 13, n, = 4) : the task is to minimize the distance to a

desired pose (in SE(3)) under state and control regularization.

e Double Pendulum (n, =4, n, = 1) : the task is to minimize the distance to

the upward equilibrium position under state and control regularization.

e Humanoid Taichi (n, = 77, n, = 32) : the task is to achieve a desired
left foot pose (in SE(3)) while maintaining balance on the right stance foot,
starting from a double foot support configuration, under state and control

regularization, and log-barrier state limits.

The Quadrotor, Double Pendulum, and Humanoid Taichi examples were copied
from the Crocoddyl library. Each problem is solved for 100 randomized initial
configurations (Kuka, Quadrotor, Double Pendulum) or end-effector goal (Humanoid
Taichi). The maximum number of iterations allowed nji, depends on the problem.
For each problem, the solvers are warm-started with the same quasi-static solution.
Essentially, a gravity compensation torque is computed for the initial state of the
system and provided as an initial guess to the solver. We use the same termination
criteria, the KKT residual norm (2.20) with tolerance set to esgp = 107 on all

problems. In order to reflect cases where the maximum number of iterations is hit
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without reaching the desired tolerance, we use as a metric the number of solved

problems for a given maximum number of iterations. A problem is considered
"solved” if it reaches the KKT residual tolerance within the maximum number of

iterations allowed.

2.5.1.2 Benchmark results

The results obtained for the solver convergence study are shown in Figure 2.1.
On the Kuka example, all solvers exhibit a similar behavior. The advantage of
multiple-shooting over single-shooting becomes clear in the Quadrotor (Figure 2.1b)
and Double Pendulum (Figure 2.1c) examples. These two examples, along with the
Humanoid taichi (Figure 2.1d), also highlight clearly the benefit of using a filter
line-search in FDDP. Most importantly, the tailored SQP solves more problems
in fewer iterations than all the other solvers. In particular, it is clear from these
benchmarks that the linear rollout has an advantage over the nonlinear one - we
recall that FDDP (filter LS) (green curves) and SQP (blue curves) only differ by
their rollouts (nonlinear and linear respectively). In Figure 2.2, we report the
average time per iteration for each solver. This shows that each SQP iteration
takes about the same or slightly less time compared to the alternative solvers.

For MPC applications, the solver’s ability to converge to a desired tolerance
within a fixed time is critical because real-time constraints impose a limited com-
putation budget. In that respect, all experiments show that SQP is able to solve
more problems in fewer iterations than all other solvers while taking about the
same time per iteration. For instance, in difficult problems like the humanoid taichi
example, nearly 80% of the problems are solved by the SQP within 50 iterations,

while the FDDP (filter LS) requires almost 200 iterations to solve the same amount
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Figure 2.2: Average time per iteration for each solver on the 4 benchmark problems
(Kuka, Quadrotor, Pendulum, Taichi)

of problems.

2.5.2 Unconstrained Case : MPC experiments

We implemented FDDP (filter LS) and SQP in MPC on the KUKA LBR14
iiwa to execute the task of tracking a circle with the end-effector. The cost function
includes state and torque regularization, and an end-effector position tracking
term. The robotic setup follows our previous work [102], where more details are
available. We used an MPC frequency of 500 Hz, with an OCP discretization of
50ms, 10 nodes in the horizon, and a maximum number of SQP iterations njir = 5.
At each MPC cycle, the solvers are warm-started with the previous trajectory.
Although both solvers exhibited equal tracking performance, they differed in their
convergence speeds, which corroborates our benchmarks. Indeed, the cumulative
costs achieved are similar, but the SQP converges faster to its optimal solution, as

shown in Figure 2.3.
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Figure 2.3: KKT residual norm and number of iterations for the circle tracking
task. Our SQP solver converges within 3 iterations while FDDP hits the maximum
number of iterations (nje, = 5) without reaching the desired tolerance.

2.5.3 Constrained case : Robot Experiments

In this subsection, we first show the ability of our tailored SQP solver to solve
constrained multi-contact nonlinear OCPs on a simulated quadruped robot Solo12
[75]. Finally, we show that the proposed method can be used in MPC to satisfy

arbitrary constraints on a real robot.

2.5.3.1 Quadruped standing task with friction cones

The Solo [75] quadruped is tasked with tracking a desired CoM position while

maintaining its contact forces within the friction cone, i.e.,

|Frlls < uFw (2.23)

where Fr, Fy represent the tangential and normal forces, respectively. We use

250 nodes in the OCP, with a discretization of 20ms. The CoM must track a
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Figure 2.4: Solo center-of-mass tracking task with friction cone constraints. The
continuous lines represent the ratio ?T at the front left foot, and the gray dashed
line represent the friction cone constraint. Observe in the F, plots the unconstrained
OCP solution (green) crossing the friction cone constraint while the constrained
OCP solution (blue) remains within the constraint.

circular trajectory of 13cm diameter and 0.2rads™! velocity. The QP absolute
and relative tolerances are set to 1079, and the termination tolerance to 107*. We
use the merit function line-search and the KKT residual termination criteria as
previously described. The same OCP was solved with and without constraint
(2.23). The solver converged in 34 iterations in the unconstrained case and in
31 iterations in the constrained case. Note that the merit function with default
parameter [, = 1. = 1 was used in this illustrative example, which seems to benefit
the solver’s convergence in the constrained case over the unconstrained case. The
accompanying video shows the corresponding motion, and snapshots are provided
in Figure 2.5. Figure 2.4 shows the ratio of tangential over normal forces of the
unconstrained and constrained solutions. One can see that the task cannot be
achieved without slipping when no constraint is enforced. Hence our tailored SQP
implementation can enforce nonlinear inequality constraints (Lorentz cones) while

also keeping the number of iterations low.
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Figure 2.5: Snapshots of standing motion. The red arrows represent the contact
forces and the white cones are the friction constraint (u = 0.8). In the 3¢ and 4
frames, one can see the tangential forces lying on the boundary on the friction cone.
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Figure 2.6: Joint position ¢; for the circle task in the constrained (blue) and
unconstrained case (green). The gray-shaded area represents the infeasible region.

2.5.3.2 MPC experiments setup

We deployed our tailored SQP implementation in MPC on the KUKA robot to
achieve various constrained tasks. In all the experiments, the MPC runs at 100 Hz,
the OCP discretization is 50 ms and the horizon has 10 nodes. We allow a maximum
of 4 SQP iterations and 50 QP iterations (i.e. 50 iterations of Algorithm 2 where p
is updated every 25 iterations). Relative and absolute tolerances for the QP are
set to 107° and 10~ The size of the filter for the line-search is set to 1. The p
penalty parameter is not reset throughout the iterations, and the primal solution is
warm-started with the previous trajectory (no warm-start on the dual variables y

and z which are reset to 0).
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Figure 2.7: End-effector position trajectories in the (y, z)-plane during the circle
tracking task, subject to nonlinear constraints in Cartesian space. The gray-shaded
areas represent the infeasible regions.

Figure 2.8: The SQP solver keeps the end-effector on a straight line constraint
(black dotted line) even during unexpected perturbations. The SQP solver is able
to rapidly find robot configurations needed to satisfy the constraints while tracking
the desired goal.

bt
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Our experiments focus on constrained circle tracking tasks: the robot must track
a circle with its end-effector while satisfying various constraints in the joint space
or in the end-effector space. The objective includes state and control regularization
terms and a term to follow a circle with the end-effector (3D task). We observed that
reducing the MPC frequency to 100 Hz (vs 500 Hz in the unconstrained experiments)
was beneficial since it allowed us to maintain a reasonable number of QP (50) and

SQP (4) iterations and thereby a good convergence.

2.5.3.3 MPC experiments results

In the first experiment, the robot must track the circle while keeping the position
of the first joint within [—0.05rad, +0.05rad]. The position of the constrained joint
is shown in Figure 2.6. Without the constraint, the circle tracking average absolute
error is lower (3.3cm) than the constrained case (8.5cm) but the constraint is
largely violated. Increasing the end-effector tracking cost weight in the constrained
case leads to an improved tracking performance but a more aggressive behavior on
the robot due to an increased constraint saturation.

In the second experiment, an end-effector (the center of the last link of the
robot) constraint was imposed during the circle task. Figures 2.7a, 2.7b show the
Cartesian space trajectories for circle tasks in which the end-effector is constrained
to lie within specific half-spaces. We observed that increasing the velocity of the
reference circle had the effect of smoothing out the edges of the square. This
behavior can be explained by the prediction horizon which enables the controller to
anticipate constraints: remaining some distance away from the constraint boundary
is the optimal way to minimize the objective while preventing constraint violation

in the future. This confirms the intuition that the horizon is crucial in constrained
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dynamic tasks.

In the third experiment, the end-effector was constrained to remain on a vertical
line while tracking a circle (i.e. equality constraint ¥ = 0 in Figure (2.7)). In
addition to this, the robot was perturbed at arbitrary locations and times during
the experiments. The resulting behavior on the robot is shown in Figure 2.8. As
can be seen, the MPC solver is able to rapidly determine a robot configuration
that resists the applied force while keeping the end-effector on the constraint and
tracking the desired trajectory in the vertical direction. This result shows the
ability of the solver to satisfy tight nonlinear constraints.

All experiments are shown in the accompanying video. We also included a fourth
experiment in the video that forces the end-effector to remain on the horizontal
plane, even under external disturbances from a human operator. In that case,
the robot is again able to adapt its configuration automatically in order to satisfy
the constraint. Through these experiments, we confirm that arbitrary constraints
can be enforced at real-time rates, without having to re-define the task (i.e. no

re-tuning the cost function weights).

2.5.4 Constrained case : Benchmarks

We now discuss the performance of the proposed tailored ADMM. First, we
demonstrate the importance of sequential implementations as opposed to general
sparse algebra routines by benchmarking the iteration times of the proposed
OSQP_OCP solver against OSQP [167] as the problem size varies. Second, we
benchmark the convergence timings of the proposed OSQP_OCP solver against
OSQP and HPIPM_OCP [65], a state-of-the-art solver tailored for OCPs.
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Figure 2.9: Comparison between the compute time of 25 iterations OSQP_OCP
and OSQP.

2.5.4.1 Sequential implementation v.s. Sparse Algebra

We compare our proposed QP solver to its closest alternative - OSQP [167],
since OSQP uses ADMM with sparse linear algebra while our solver uses a tailored
ADMM that exploits stage-wise sparsity. We set up a benchmark where 100
constrained LQR problems (with random initial state) of increasing horizon length
(Figure 2.9a) and state dimension (Figure 2.9b) are solved. For each solver, we
measure the time needed to take 25 QP iterations. It is important to note that both
these solvers need not converge within the 25 iterations and we only focus on the
wall-clock time (convergence time is evaluated in the next subsection 2.5.4.2). As
shown in Figure 2.9, the proposed OSQP_OCP solver displays a linear increase in

wall clock time as the problem size increases, unlike OSQP which grows non-linearly.

2.5.4.2 QP Solvers Timings - Setup

In this benchmark, we evaluate and compare the convergence of the following
QP solvers: OSQP_OCP, HPIPM_OCP, OSQP. We summarized the characteristics

of these solvers in Table 2.2.
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Sequential | Sparse Algebra Type
ADMM OCP Yes No ADMM
HPIPM OCP Yes No Interior Point
OSQP No Yes ADMM

Table 2.2: QP solvers characteristics.

To evaluate the performance of these solvers, the following OCPs are used:

e Kuka : same setup as in the unconstrained case but with a hard constraint

on the terminal end-effector position.

e Solol2 : same setup as in the constrained experiment presented in Sec-

tion 2.5.3.1.

e Humanoid Taichi : same setup as in the unconstrained case but with force

and torque constraints on the right foot.

Each problem is solved for 100 randomized settings. For the Kuka, we sample the

initial configurations, for the humanoid Taichi, the end-effector goal, for Solo12,

the friction coefficient. The QP tolerances are set to €45 = 1074 and €., = 0, and

we let the QP solver fully converge to that tolerance. The QP problem corresponds

to the first SQP iteration.

2.5.4.3 QP Solvers Timings - Results

0OSQP_OCP HPIPM_OCP 0osQP
Time Tter Time Iter Time Iter
Kuka | 05 £06 76 +97|0.16 £ 0.03 4.1 £ 0.8 0.98 £ 0.53 60 £ 15
Solo [ 26+03 50+0 | 1.8+ 0.57 57=+1.5] 3400 & 61 2200 & 410
Taichi | 35 2.3 180 £ 0 57 + 19 37 £ 12 656 £+ 98 990 £+ 170

Table 2.3: Mean solving time in milliseconds and number of QP iterations for

different problems



51
Table 2.3 shows the QP solving times and number of iterations for the 3 problems

and all solvers. The results once again show that solvers that exploit stage-wise
sparsity (HPIPM_OCP and our OSQP_OCP solver) converge to a solution quicker.
Further, OSQP_OCP takes fewer iterations to converge for complicated OCPs like
Solo and Taichi, as compared to OSQP. We conjecture that this difference is due
to the difference in formulation of the OSQP_OCP; i.e., we decompose the original
QP into two convex subproblems in ADMM. Indeed, this leads to directly handling
the dynamic feasibility constraints with a linear rollout in the QP (equation 2.13a)
and satisfies linear dynamic feasibility at each iteration of ADMM. On the contrary,
OSQP handles the dynamic feasibility as a general equality constraint and ensures
its feasibility at convergence (which usually takes several iterations) [167].

The two stage-wise exploiting solvers, HPIPM_OCP and OSQP_OCP perform
similarly. HPIPM_OCP has better convergence on problems with smaller matrices
(Kuka and Solo examples), probably because it uses the BLASFEO [66] backend
for dense matrix operations, which is shown to outperform Eigen routines for
smaller matrices. When the matrices become large, like in the Taichi example,
the advantage of BLASFEO diminishes and our proposed QP solver converges
quicker. Overall, these results suggest that OSQP_OCP has similar performance as
HPIPM_OCP and the minor difference in performances stem from the dense matrix
algebra routines. Further, the author of HPIPM also notes that with the same
matrix backend, ADMM based methods can be faster than interior point methods
[64], especially for large problems when a reasonable solution is desired in a few
iterations. Note that the performance of matrix algebra routines turns out to be
critical to implement efficient solvers.

Overall, we would like to highlight that obtaining real-time closed-loop MPC
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is possible with both HPIPM_OCP and OSQP_OCP, and our results suggest that

exploiting stage-wise sparsity is a major factor of efficiency. The OSQP_OCP solver
has two advantages: it easily handles infeasibility just like OSQP and it can return

a reasonable solution in fewer iterations thanks to the convergence properties of

ADMM [27].

2.6 Discussion

The benchmark introduced in the unconstrained case questions what allowed
this improvement. We argue that FDDP appears to be a hybrid method laying
between single and multiple shooting. This idea comes both from our results on
the Humanoid taichi robot, where FDDP behaves like DDP and from the theory,
as it is known that once the gaps close in FDDP, they cannot re-open again.
Consequently, we believe that the improvement observed in the benchmark comes
from the multiple shooting formulation.

Our work follows the line of work started in the 1990s [51, 52, 146, 150, 166,
187, 189] showing that standard optimization tools can be implemented specifically
for OCPs by exploiting time-induced sparsity. We simply use the same tenets
with SQP and ADMM as they are well-established in the optimization community.
Additionally, ADMM has properties (easy to warm start and quick convergence to
few iterations) that benefit MPC [27]. However, we would like to insist on the fact
that the same principles could be applied to other optimization techniques. Future
work would be especially interesting to modify such state-of-the-art QP solvers to
exploit stagewise sparsity given that they outperformed OSQP, in general, [10, 157].

Finally, a direct by-product of the tailored implementation is the Riccati-like
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gains that can also enforce the additional inequality constraints. This is a natural
consequence of using Riccati recursions to efficiently solve the sparse linear matrix
equation that appears in the QP solver. So far, we have not used these Riccati gains
on a real robot in MPC, however [163] showed encouraging results in simulation. A
study on their effect on control performance and constraint satisfaction remains to
be done on a robot.

During deployment, we usually early terminate the ADMM-based QP in the
interest of higher re-planning frequency (100 Hz). A lower-quality solution seems
to be sufficient to ensure higher reactivity and compliance on the robot. One key
advantage of ADMM in this context is that the sub-QP solver can reach a reasonable
solution in a few iterations and also guarantee the availability of some solution
even when the constraints may be infeasible because it is based on the ADMM
algorithm [27]. Both of these are desirable in non-linear MPC where obtaining a

solution is essential during deployment.

2.7 Conclusion

A central message of this Chapter is that the existing nonlinear optimization
literature already provides sufficient tools to solve OCPs with and without con-
straints in real time and thereby achieve state-of-the-art nonlinear MPC on real
robots. We substantiated this message through a tailored, sparsity-exploiting SQP
formulation that provided a unifying framework clarifying the connections between
existing solvers from the robotics literature and a practical approach to achieving
state-of-the-art MPC. We demonstrated through various benchmarks and hardware

experiments that such a tailored SQP implementation outperformed state-of-the-art
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solvers based on DDP on challenging unconstrained problems. We then showed that
it can efficiently solve arbitrary constrained nonlinear OCPs for MPC applications.
In particular, we could enforce many nonlinear constraints on a real robot in MPC.

In this Chapter, we presented a generic framework to solve efficiently constrained
OCP. However, in this form, MPC can exhibit local behavior. One reason is
that gradient-based nonlinear optimization is subject to local minima. Another
explanation is that the use of a short horizon can generate local behaviors. For
instance, in an obstacle avoidance task, the manipulator could get stuck due to a
too short horizon — staying in place could yield a lower cost than circumventing
an obstacle. More specifically, minimizing the joint torque regularization cost
instead of the distance to the target could be more beneficial to the overall cost.
In Chapter 3, we will show how to use function approximation to avoid such local

behaviors.
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Chapter 3

Infinite-Horizon Value Function
Approximation for Model

Predictive Control

While MPC possesses strong theoretical guarantees, the real-time requirement
has limited the use of hard constraints and large preview horizons, which are
necessary to ensure safety and stability [76, 126]. In practice, practitioners have
to carefully design cost functions that can imitate an infinite horizon formulation,
which is tedious and often results in local minima. In this Chapter !, we study
how to approximate the infinite horizon value function of constrained optimal
control problems with neural networks. We then demonstrate how to use this value
function to endow MPC with global behaviors on an obstacle avoidance task with
an industrial manipulator.

The theoretical benefits of an infinite horizon formulation have been extensively

!This chapter is adapted from the following paper: A. Jordana et al. "Infinite-Horizon Value
Function Approximation for Model Predictive Control” Submitted to RAL, 2024
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studied [36, 76, 88, 127]. Unfortunately, the general case is intractable. Hence,

efforts have concentrated on the constrained linear quadratic regulator [19, 74, 165].
In the general case, RL provides a way to approximate the solution [22, 168].
In the discrete action setting, Deep Q-learning is a popular tool [131]. In the
continuous case, actor-critics such as DDPG [116] or SAC [77] allow learning
simultaneously a policy and a value function. However, despite recent progress [35,
194], incorporating hard constraints in those formulations remains challenging.
Also, RL algorithms [168] typically use a discount factor. However, the global
stability guarantee of infinite horizon MPC was established in the non-discounted
setting [76, 126]. Consequently, we study the non-discounted setting with hard
constraints which, to the best of our knowledge, remains understudied in the RL
community.

The idea of combining MPC and function approximation is not novel and has
fostered a lot of research in the robotics community. The seminal work of Atkeson
[7] explored how to use local trajectory optimization together with a global value
function. Since then, an extensive amount of work has shown the benefits of using
TO with learning to either speed up the training of value functions and policies or
improve the controller’s performance at test time [3, 70, 80, 83, 105, 109, 112, 117,
132, 138, 147, 191, 195]. A limitation of these works is their inability to consider
hard nonlinear constraints. In practice, constraints have to be enforced softly
using penalty terms in the cost function. However, this approach requires tedious
weight tuning and can hardly guarantee safety. In this Chapter, we show how the
known advantages of combining MPC and RL can be obtained while enforcing
hard constraints. In addition, we demonstrate how this combination can provide a

controller maintaining safety even outside the training distribution.
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More recently, [175, 182] demonstrated the benefits of using online constrained
optimization with an approximate value as a terminal model in the context of
locomotion. In these works, the authors propose to learn the value with a local
TO solver using a long horizon. Consequently, at test time, the controller remains
local. In contrast, we use value iteration combined with local TO to approximate
the infinite horizon value function, and we demonstrate the ability of the method
to avoid local minima.

In this Chapter, we propose to approximate the infinite horizon value function
of constrained OCP and use it as a terminal cost function of a Model Predictive

Controller. The contributions of this Chapter are threefold:

e First, we demonstrate how a local gradient-based solver allows the use of
value iteration to approximate the optimal value function of a constrained

OCP with an infinite horizon.

e Second, we provide an experimental study showing how the use of trajec-
tory optimization can compensate for the inaccuracies of the value function

approximation.

e Third, we demonstrate the benefits of combining MPC with value function
approximation on a reaching task with obstacle avoidance on an industrial
manipulator. More precisely, we show how the use of the value function
allows avoiding local minima to which MPC is subject and demonstrate how
the method remains safe by ensuring hard constraints outside the training
distribution of the value function. To the best of our knowledge, this is the
first demonstration of MPC using a learned global value function with hard

constraints deployed on a robot at real-time rates.
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3.1 Infinite horizon MPC

Here, we are interested in the infinite-horizon constrained optimal control

problem:
T-1
V(z) = Th_r)glo uo,u?,l..i.%T_1 % Uz, ug) (3.1a)
st. xp =2 (3.1b)
Thar = [T, ur) (3.1c)
c(xg,ur) >0 (3.1d)

Here V' is the infinite horizon value function. The state x belongs to R"* and the
control u to R™. The dynamic function f maps R"* x R™ to R™. The constraint
function ¢ maps R™ x R"™ to R™. The cost function ¢ maps R" x R™ to R*.
Similarly to [24], to ensure the existence of states yielding a finite value function,

we consider that the set of stationary points yielding a zero cost,

G ={x|Just.l(z,u) =0, x = f(z,u), c(x,u) >0} (3.2)

is not empty. Computing the value function or its associated optimal policy is
intractable in general. However, RL provides tools to find an approximation.
Let’s denote €2, the space on which the value function is well-defined and finite.

For any state x € (2, the value function satisfies the Bellman equation:

B(V)=V, (3.3)
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where B is the Bellman operator, defined by:

B(V)(z) = muin Ux,u) + V(f(z,u)) (3.4a)
s.t. e(x,u) >0 (3.4b)
flz,u) € Q (3.4¢)

Here, Eq (3.4¢) ensures recursive feasibility. In this Chapter, we focus on problems
where the set () can be expressed analytically, which encompasses many problems.
For instance, if the constraint is of the form c(u), then = R"». If the constraint is
of the form ¢(x), then Q = {x € R"|c(x) > 0}. In the more general case where the
constraint is a function of both the state and the control, the set 2 is not tractable,
and we would have to rely on approximation techniques [11, 50]. However, this is
beyond the scope of the Chapter.

In the non-discounted setting, the Bellman equation has multiple solutions.
Indeed, if V' is a solution, then V + 3 (where (3 is a constant) is also a solution.
Therefore, we additionally require that the value function should be zero on

stationary points, yielding zero cost. More precisely,

Veedg, V(z)=0. (3.5)

The idea of value iteration is to find a stationary point to the Bellman equation by

iteratively applying the Bellman operator:

Vi1 = B(Va). (3.6)

Under the assumption that the set GG is not empty, it can be shown that Vj, converges
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to V pointwise [24, 82].

3.2 Approximate infinite horizon MPC via func-

tion approximation

3.2.1 T-step optimal lookahead problem

In this Chapter, we propose to combine online and offline decision-making by
using the T-step optimal lookahead problem [21] online. The idea is to perform
MPC by solving an OCP at each time step, using an approximate value function
as a terminal cost function. More precisely, given a state x, we aim to find the

optimal action by solving:

T-1
o in ;gk(:@k, wy) + V(o) (3.7a)
st. ko =2 (3.7b)
Ty1 = [ (@k, ur) (3.7¢)
c(xg,u) >0 (3.7d)
vy €Q (3.7¢)

Here, Vj is the value function approximation. Here, we consider Vj to be a neural
network parameterized by weights 6. At each time step, the first optimal control
input, ug, is applied to the system, and the other controls are disregarded. In
the end, the policy, 7*(z) = u§, depends on the horizon 7" and the approximated
value function Vj. In continuous action space, RL algorithms rely on a function

approximation of the policy [168]. In contrast, we solve Problem (3.7) online.
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The benefit of this approach is that the model used during the first T" steps of

the optimization can reduce the inaccuracies of the value function and guarantee
stability [23, 107]. Furthermore, this ensures hard constraint satisfaction despite

the use of the approximated value function.

3.2.2 Value function approximation

In this section, we show how to use value iteration to approximate the value
function of an infinite-horizon constrained OCP by neural networks. To minimize
the Bellman equation (3.4), we propose to use a local gradient-based solver. To
reduce the required number of value iterations (i.e. iterations of the Bellman
operator), we can apply the minimization over an arbitrary horizon 7. More

precisely, we can use trajectory optimization to directly solve:
Vi = BT (1) (3.8)
where Bl is the Bellman operator over a horizon 7.

BTN (VY=Bo...0oB(V) (3.9)
—_—
T times

Indeed, it can be shown that iterating 7" times the Bellman operator is equivalent
to solving an OCP of horizon T, precisely as in Problem (3.7). Intuitively, this

should allow us to perform 7' times fewer value function iterations.
We propose to fit the approximated value function at each Bellman iteration
in a supervised way. Note that this approach can, therefore, be considered as

an instance of Fitted Value Iteration (FVI) [22, 136] adapted to the constrained
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and deterministic setting. More precisely, at iteration k, given a value function

Vi, we sample n states, {z,}i1<j<, and solve the n associated OCP with the
corresponding initial condition and with V} as a terminal cost. Then, we train in a
supervised way such that Vy maps z; to B! (V}) (z;). Furthermore, to ensure that
Va® € G, Vp(2®) = 0, we sample m stationary points and {}}1<j<m, and minimize
the value function at those points with the Mean Squared Error (MSE). In the end,

we minimize the following loss:

Z Va(j) = BT (Vi) ()l + o ) Vo), (3.10)

=1

where « is a penalty parameter. To create the targets, we solve Problem (3.7). To do
so, we use the stagewise Sequential Quadratic Programming (SQP) implementation
introduced in [95]. This solver can handle hard constraints and exploits the
time sparsity of the problem by using Riccati recursions in order to guarantee a
linear complexity with the time horizon and quadratic convergence. Algorithm 3
summarizes the method.

Minimizing (3.7) with a gradient-based solver requires the derivatives of the
neural network. More specifically, the SQP approach requires the gradient and
Hessian of the terminal cost function. To circumvent deriving twice a neural
network, we use the Gauss-Newton approximation and define the value function as

the squared L2 norm of a residual. More precisely:

V() = gl o)l (3.11)

where fj is a neural network whose output lives in R? where d is a hyperparameter.
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Algorithm 3: Value Iteration
Input: dynamics f, cost £, constraint ¢, horizon 7', network parameters
1 Initialize V;

/* Main value iteration loop */
2 for k< 1 to N do
/* Generate data */

3 for j <1 to M do
4 Sample x;
L Compute B! (V;) (z;) by optimizing (3.7)

6 Create dataset: D = {(x;, B (V;) (z,));}
/* Fit value function with SGD */
7 for j < 1 to P do

Sample batch from D
L Apply gradient descent with loss (3.10);

10 | Vi < Vo
Output: Vi,

Consequently, using a Gauss-Newton approximation, we have:

0, Vo(z) = 8y fo(x)T fo() (3.12a)

02, V() ~ Oy fo(x)" s fo() (3.12b)

where 0fp(x) € R¥" is the Jacobian matrix of fy evaluated in z. Note that this
formulation also has the advantage of encoding the positivity of the value function.

For numerical optimization to be performed efficiently, it is crucial to obtain an
accurate Jacobian of the value function. While [147] investigated the use of Sobolev
learning [43], we found that using tanh activation function and an appropriate L2
regularization yielded accurate Jacobians of the network and was sufficient to ensure
convergence of the SQP in few iterations. Furthermore, we find that initializing V;
to the zero function improves the training. To do so, at the first value iteration, we

solve the OCP without a terminal cost function.
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In order to generate trajectories that are similar to the one encountered at
deployment, we rollout trajectories to generate more data. More specifically, after
solving Problem (3.7), x; is added to the dataset by solving Problem (3.7) using z;
as an initial condition, and we iterate until either the goal or a maximum number
of iterations is reached. In other words, Problem (3.7) is used as an MPC controller
to collect additional data. We find this especially relevant on complex examples

where the sampling distribution does not cover well the large state space.

3.3 Experiments

In this section, we present three problems of increasing complexity. The first
two examples are used to illustrate the ability of the method to approximate the
infinite horizon problem with a finite horizon and an approximate terminal value
function. Lastly, we study a reaching task on an industrial manipulator with an
obstacle to demonstrate the scalability of the method. In order to handle a moving
scene, the value function is conditioned to the goal of the reaching task and the
obstacle pose. First, we provide an analysis of the impact of the horizon both at
train and test time. Then, we present results from real experiments.

For all experiments, we use the SQP implementation introduced in [95]. During
the training, we solve each OCP in parallel on the CPU. Note that this is crucial

to obtain reasonable training times.

3.3.1 Toy Problem 1: Constrained Simple Pendulum

The first test problem we consider is the swing-up of a simple pendulum with

torque limits. We illustrate how a finite horizon with an approximate value function
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as a terminal cost allows us to approximate the infinite horizon MPC. The state is
T
T = lQ’ 9] where 0 denotes the orientation of the pendulum. The dynamics are

defined by applying Euler integration to the following law of motion:
0 = —Z sin(h) (3.13)

The goal is to bring the pendulum to the upward position, which is incentivized

with the following cost:
0(z,u) = cos(6) + 1 4 0.016% + 0.001w> (3.14)

Lastly, the control input is constrained to be within [—2, 2] which makes it impossible
to swing up the pendulum without several back and forth.

We sample # uniformly in [—, 7] and § uniformly in [~6,6]. The number of
sample points at each value iteration, n, is set to 500, and the number of goals
sampled m is set to 1 as there is only one state in G. We consider a horizon of
length T = 10 and perform 1000 value iterations. At each iteration, we perform
80 SGD steps using Adam with default parameters and a weight decay of 1074
Lastly, we set &« = 1. The network is a three-layer MLP with 64 neurons and an
output size of d = 64. In the end, the training lasts 2 minutes and 40 seconds.
Figure 3.1 shows the approximated value function. As expected, the value function
outputs its hig%lest value when the pendulum points downwards without velocity,
le.,r = [0,0] .

Figure 3.2 shows the behavior of the MPC controller for different horizon lengths
using the approximated value function as a terminal cost. The quality of the control

increases as the horizon length increases. This can also be seen by looking at the
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Figure 3.1: Approximated infinite horizon value function

final cumulative cost. The longer the horizon, the more optimal the controller is.
For T' =1, the cost is 4.57, for T' = 10, the cost is 4.50 and for T" = 20, the cost
is 4.41. This illustrates how solving online the OCP introduced in Equation (3.7)

compensates for the approximation error of the value function.

3.3.2 Toy Problem 2: Constrained point

In this second toy example, we illustrate the ability of the method to avoid local
minima to which is prone MPC. We consider a 2-dimensional point that has to
T

move around an obstacle to reach a target. The state is denoted by x = {g;l, 562} ,

and the control u denotes the velocities of x; and 5. The dynamics are defined in
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Figure 3.2: Rollout of MPC controllers with different horizon lengths using the
learned value function as a terminal cost.

the following way:

Tir1 = Ty + Atut (315)

where At is set to 0.02. The cost function is defined by:

Uz, u) = [z — 2*||3 + 0.1]|ull3 (3.16)

The constraints are defined by the distance between the point and two capsules that
define the obstacle, as illustrated in Figure 3.3. In this experiment, we sample z
uniformly in [—1,1] x [—1, 1] and reject states inside the obstacles. The number of
point samples at each value iteration, n, is set to 2500 and we augment the dataset
with the last state of each trajectory. The number of goals sampled m is set to 1
as there is only one state in G. We consider a horizon of 10 and perform 100 value

iteration using o = 1. Lastly, at each iteration, we perform 2000 SGD step using
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Adam with default parameters and a weight decay of 10~*. The network is a three-

layer MLP with 32 neurons and an output of size d = 32. In the end, the training
lasts 12 minutes. The increase of time compared to the previous experiment is due
to the implementation of the model’s dynamics in Python. Figure 3.3 shows how
using the learned value function as a terminal cost allows bypassing the obstacle in
order to reach the goal. Without this learned value function, the controller would

get stuck in the inner corner of the obstacle.
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Figure 3.3: Trajectories avoiding the local optima for different initial conditions.
The red dot represents the target x*.
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3.3.3 Influence of the horizon
At train time In this section, we study the influence of the horizon on the
training of the value function. We consider a reaching task with the 7-DoF Kuka
iiwa robot without constraints in order to extract the ground truth infinite horizon
value function. We fix the last joint and consider a 12-dimensional state containing
the joint positions and velocities. The OCP includes an end-effector target reaching
cost, joint velocity regularization, and joint torque regularization costs. In this
unconstrained setting, the ground truth value can be approximated by the gradient-
based solver with a large horizon, e.g. T' = 200. At each value iteration, we collect
10000 trajectories of length 10 by sampling the initial configuration uniformly
within the joint and velocity bounds of the robot. Then, we perform 16 epochs.
Figure 3.4 shows the MSE between the learned value and the ground truth during
training. The larger the horizon is, the faster the algorithm converges to the ground
truth. Note that the differences in training time are negligible as most of the time

is spent on the SGD to fit the network.

At test time In this study, we show that the use of trajectory optimization online
allows us to compensate for the value function approximation error due to learning.
We use the same setup as in the previous section and show that at test time, a
longer horizon helps reduce the running cost. We perform value iteration with a
horizon of 10 and use the same parameters as in the previous section. Furthermore,
we illustrate that the improvement due to the horizon is not specific to our training
procedure but due to the limitation of the neural network’s expressivity. To do
so, we train in a supervised way the value function with 100000 ground truth

trajectories of length 10. We use the same number of SGD steps as in the overall
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Figure 3.4: Error between the ground truth and the learned value function during
training for various horizon length. The larger the horizon in Eq (3.7) is, the faster
the algorithm converges to the ground truth.

value iteration learning procedure; the test time performance of this network can
be considered as an upper bound on the one of the value iteration network. Lastly,
using the ground truth data, we train in a supervised way a policy mapping states
to torques (while removing the gravity compensation). Figure 3.5 shows the cost
error between various controllers and the ground truth infinite horizon controller.
It can be seen that for both value functions, increasing the horizon improves the
performance. Also, we can see that the value iteration achieves a performance that

is close to the supervised value, which was provided the ground truth values.

3.3.4 Experiments on a manipulator
3.3.4.1 Setup

We validated the proposed approach on the KUKA iiwa LBR 1480 in target

reaching /tracking and obstacle avoidance tasks. We used a motion capture system
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Figure 3.5: We run 1000 MPC simulations starting from random initial states with
increasing horizon for each controller. Horizon 0 corresponds to the policy.

(VICON) to track the targets and obstacles. The robot receives joint torque
commands and a PD joint state reference at 1kHz through the FRI. The overall

control law applied on the real robot reads

T = uy + PD(z, 27) (3.17)

where uf and z7 are the optimal control input and the predicted state respectively
(computed by the MPC at 100 Hz) and & is the measured state of joint positions

and velocities, controlled at 1kHz by the joint PD

PD(i,27) = —Kp(G — qf) — Kp(q — G7) (3.18)

We use Kp = [150, 150, 100, 100, 50, 10, 10] and Kp = [25, 25, 20, 20, 14,6, 6]. The
measured position is directly read from the robot’s encoders, while the velocity is

estimated by finite differences. Note that the last joint (wrist ”A7”) is blocked,
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i.e., only controlled by the PD and not part of the model, as it speeds up learning

and is not necessary for the end-effector tasks under study (the robot is already
redundant for the tasks with 6-DoF).

The obstacle we consider is a thin rod of length 76 cm. To enforce collision
avoidance, we cover the robot with capsules and define the distance between the rod
and the capsules, as well as between the table and the capsules, as hard constraints.
In total, this represents 14 constraints.

In order to deploy the value function on the real system, we condition the
network to both the target position and the obstacle pose. The network is a 4-layer
MLP with 64 neurons per layer and a residual output of dimension 64. The state
is sampled within 70% of the robot’s joint and velocity range, and this range is
used as a hard constraint on the state in the OCP. The target’s Cartesian position
is sampled within the following bounds [0.45,0.75] x [—0.2,0.2] x [0.15,0.5]. Also,
we filtered outlier state samples by rejecting those for which the end-effector lies
outside of those bounds, as these are outside the robot’s workspace. Obstacle poses
are sampled within a 10 cm cube in front of the robot. We also randomized slightly
the orientation through a uniform sampling of the Euler angles within the bound
[—0.1,0.1]. Lastly, we reject the triplets (state, target, obstacle) for which the robot
is in collision with the obstacle or for which inverse kinematics has no solution for
the given goal. We found that in this form, this sampling distribution yielded a
majority of simple cases, i.e. tasks where the TO can find an optimal path to the
goal without getting stuck in local minima. Therefore, to make the distribution
more meaningful and representative of the scenario encountered on the real system,
we additionally rejected triplets where both the target and the end-effector were

above the rod.
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We consider a horizon of length 7" = 5 and we perform 500 value iterations with
a = 0.01. At each iteration, we collect a dataset by sampling 1000 triplets and
rolling out trajectories up to a horizon of length 60 or until the robot reaches the
target. The target is considered to be reached whenever the running cost is below
0.1. Then, we perform 16 epochs using Adam with a learning rate of 0.0004 and a
weight decay of 107°. The training lasts 3h 20 min on CPU only.

During deployment, the learned value function is used as a terminal cost in
the MPC, while the baseline MPC has no terminal cost. The horizon used is
T = 10 nodes, with an OCP discretization of AT = 50ms and a semi-implicit
Euler integration scheme. The maximum number of SQP iterations is set to 6, the
termination tolerance to 10~* and the maximum number of QP iterations to 200.
The OCP used in the experiments includes a non-collision constraint and state
limits (box constraints). The non-collision constraints are defined on all collision

pairs existing between the robot links and the rod / table.

3.3.4.2 Pick-and-place with static obstacle

We compared the performance of the proposed approach against the default
MPC on a pick-and-place task with a static obstacle. The robot must alternatively
reach two end-effector positions while avoiding collision with a fixed rod laying in-
between the targets (see Figure 3.6). Figure 3.7 shows the end-effector trajectories
of both controllers. It can be seen that the MPC with value function reaches the
target (by finding a path moving the end-effector above the rod) while the default
MPC remains stuck in a local minima (trying to go underneath the rod). This
behavior can be further understood from Figure 3.8 which shows the cumulative

cost over the experiment. The MPC with value function achieves a lower cost since
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Figure 3.6: Snapshots of pick-and-place task with static obstacle avoidance for
the default MPC without value function (bottom) and the proposed MPC with
value function (top). The green dots represent the end-effector targets that must
be reached alternatively while avoiding collision with the black rod placed in the
center.

it eventually reaches the target. But interestingly, this controller initially increases
its cost faster than the default MPC. This is explained by higher velocity and
torque regularization cost residuals due to the obstacle avoidance motion. Hence
this experiment shows the ability of the proposed controller to reason more globally
thanks to the value function guidance. Indeed, the default MPC remains stuck in a
local minima and must trade off the task completion against constraint satisfaction.
In contrast, our approach is able to both achieve the task and avoid collision with
the rod by choosing a different path that initially increases the cost. It is important
to remind that both controllers use the same warm-start; the only difference is the

terminal cost used.

3.3.4.3 Target tracking with static obstacle

In this experiment, we show the ability of our approach to track a moving target

while satisfying obstacle avoidance constraints. We use a small cube tracked by
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Figure 3.7: End effector trajectory. The robot must reach a target on the over
side of the rod marked by the green dots, while avoiding the rod (black dot). The
proposed approach (blue) can achieve the task by choosing a path going above the
rod, while the default MPC (red) remains stuck in a local minima (trying to go
underneath the rod).

the motion capture system to define a moving target. The video shows how the
controller can go around the obstacles when the cube is moved from one side to
the other of the obstacle. Figure 3.9 depicts the constraints satisfaction between

the rod and the capsules.

3.3.4.4 Target tracking with dynamic obstacle

Lastly, we illustrate in the video the ability of the method to deal with out-of-
distribution orientation of the rod as well as unexpected disturbances. While it can
be seen that the controller is no longer able to systematically avoid local minima
due to the obstacle, the hard constraints are maintained. Intuitively, far from the
training distribution, the approximated value function is not very meaningful and

cannot provide a way to avoid the obstacle. However, the model-based trajectory
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Figure 3.8: Cumulative cost. The proposed approach (blue) achieves a lower cost

by avoiding the rod and reaching the target.

0.40

— 12
0.35 L3

— 140
— 41

0.30
L5

L6_0

L6_1

L7

= = Constraint

0.25

Distance (m)
e
N
o

=} =}
= =
o %
i L

—/AV!
0.05 ——i\‘"\
0.00 IIIIII

Figure 3.9: Target tracking with static obstacle. Collision distance between the
robot’s links (approximated as capsules) and the obstacle (moving rod).

optimization maintains the system safe.

3.4 Discussion

While value iteration is guaranteed to converge [24], this relies on the assumption

that the minimization in Problem (3.7) is global. However, we use a gradient-based

solver which can be subject to local minima. Intuitively, the larger 7" is, the more the

solver is prone to local minima. In practice, we found that tuning appropriately T’

was enough to get VI to converge. In the end, the choice of T regulates the trade-off
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between the efficiency of the local solver and the global property of value iteration.
Lastly, we have investigated the use of various random warm-starts to search for
the global solution; however, the convergence speed-up did not compensate for the
additional computational time. Nevertheless, this remains an interesting direction
to explore further.

Another limitation of our method is that the gradient-based solver requires
a smooth neural network. This constrains the learning architecture and training
parameters. More specifically, the SQP solver could not handle a network with
ReLu activation and required an appropriate tuning of the weight decay. Without
weight decay, the network would overfit and the solver’s number of iterations would
diverge. To circumvent the issue, it would be interesting to investigate the use of
zero-order methods, which have recently shown promising results [113, 190].

One of the key assumptions of the work is the tractability of the feasible set
Q. Although this assumption encompasses a wide set of problems, it would be
interesting to study how to generalize to any type of constraint. A naive approach
could be to first approximate € with other methods such as [11, 50] and then apply
value iteration. However, it would be interesting to combine those two steps.

This work focuses on the non-discounted setting because this is the original
MPC formulation that can guarantee stability [76, 126]. Arguably, using a non-
discounted setting requires a cautious design of the problem as it is crucial to
ensure that the goal states achieve zero cost. Furthermore, while [24, 82] proved
the convergence of value iteration in the non-discounted setting, it is still not clear
how to guarantee convergence while approximating the value with neural networks.
In contrast, popular RL algorithms usually use a discount factor [168]; it would be

interesting to study the impact of the discount parameter during training. However,



78

it is not clear if the stability guarantees of the infinite horizon [76] will be preserved

in that setting.

3.5 Conclusion

We have introduced a way to combine constrained TO with RL by using a
learned value function as a terminal cost of the MPC. We have demonstrated the
benefits of the proposed approach on a reaching task with obstacles on an industrial
manipulator. In contrast to traditional MPC, by approximating an infinite horizon
OCP, the method can avoid complex local minima. Furthermore, in contrast to
RL, the online use of TO allows us to gain accuracy as it can leverage online the
model of the robot.

Chapter 2 and 3 demonstrated how to incorporate safety and global optimality
in MPC. However, we have so far assumed the state to be known. In practice,
we only have access to sensor information. In the next Chapter, we show how
online estimation can be used to adapt the MPC model directly from force sensor

information.
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Chapter 4

Force Feedback Model-Predictive

Control via Online Estimation

Nonlinear model-predictive control has recently shown its practicability in
robotics. However, it remains limited in contact interaction tasks due to its

! we address this issue and

inability to leverage sensed efforts. In this Chapter
show that standard estimation tools [171] together with a reformulation of the
optimal control problem, can provide a simple yet effective framework to achieve
force-output-feedback MPC.

Force control techniques are classically divided into direct force control and
indirect force control [177]. A full introduction is out of the scope, so we only

provide here a brief overview and refer the reader to the concise introductory review

on active compliant control proposed in [156].

'This chapter is adapted from the original publication : A. Jordana*, S. Kleff*, et al. Force
feedback Model-Predictive Control via Online Estimation. IEEE International Conference on
Robotics and Automation (ICRA), 2024. This work is the result of a collaboration with equal
contribution between Armand Jordana and Sebastien Kleff. In particular, the dissertation’s
author (Armand Jordana) contributed to the development and implementation of the algorithms
as well as the hardware experiments.
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Direct methods attempt to regulate the force explicitly using measurement
feedback, typically in an integral controller - which is historically considered the
best basic strategy for force tracking [178]. It can be combined with motion feedback
in complementary task directions [149], or in parallel [38]. While the use of explicit
force feedback enables high accuracy tracking, the artificial decoupling of force
and motion tasks hides potential conflicts [54, 160] or phenomena such as contact
friction [193] and exchange of mechanical work [86].

On the other hand, indirect methods, such as impedance control [85] or admit-
tance control [140, 185], aim at regulating the dynamic relationship between force
and motion. While this allows generating stable and compliant contact interactions,
such techniques are mainly limited by their force tracking capability: since the
force is controlled indirectly through motion regulation, the tracking performance
depends on a priori unknown environment parameters [58, 96, 158, 159].

More recently, MPC has shown its ability to accommodate conflicting objectives
through constrained nonlinear optimization [59]. Much research has focused on
introducing MPC into direct [100, 123] and indirect [16, 69, 99, 130, 181] force
control methods, mainly motivated by its ability to satisfy constraints. In contrast
to [16, 69, 100, 103, 123], the proposed approach does not require a contact force
dynamics model, which greatly simplifies the optimization. Unlike [99, 130, 181],
we use a force sensor to achieve explicit force tracking rather than impedance/ad-
mittance regulation.

Estimation can also be used to improve performance in force tasks. In [154],
external forces are estimated with a centroidal model. In [4], a state-dependent
force correction model is adapted online. Closer to our work, [110] proposed an

active Kalman observer in MPC to reject unmodeled disturbances at the input



81
level, which can be viewed as a form of model-reference (direct) adaptive control.

However, those lines of work do not consider the full dynamics model.

In this Chapter, we propose a novel MPC formulation that allows exploiting
direct feedback from force sensors. We show that simple contact models and
standard estimation tools allow incorporating force feedback in MPC and achieving
state-of-the-art performance. We claim that force feedback in MPC is not as
challenging as it seems and that it solves many issues: it circumvents tedious
modeling of complex phenomena (contact, friction, etc.), boosts the performance of
classical MPC in contact tasks, and does not conflict with optimization, contrary
to traditional force control methods.

We propose to use force measurements to estimate online the mismatch between
the robot’s dynamics model and measurements. This mismatch is used to correct
directly the predictive model or the control objective. This idea resembles that
of indirect adaptive control [6], where a model of the plant is identified online to
adapt the controller’s parameters. Our approach allows high-quality force tracking

accuracy in challenging interaction tasks. Our main contributions are:

e a new framework affording direct force feedback control inside nonlinear MPC

based on online estimation and feedback linearization

e a systematic comparative experimental study of our force feedback MPC

against traditional techniques.

In particular, we demonstrate that the proposed approach outperforms integral
control: it benefits from the same force tracking capability without impeding
the benefits of MPC. In particular, in contrast to integral control, our approach

maintains or improves the MPC running cost performance. It also has the advantage
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of being conceptually simple and cheap to implement with existing tools and

software.

4.1 Background: MPC with rigid contact

In this section, we recall the classical MPC formulation for torque-controlled
robots under rigid contacts, and point out its inherent inability to provide force-

feedback policies.

4.1.1 Classical model-predictive control

MPC solves online the Optimal Control Problem (OCP)

x(n)nur%) / C(x(t),u(t),t)dt + lr (z(T)) (4.1)

st @(t) = f(z(t), ult))

where 2(0) = 2™ is the initial (measured) state, f the dynamics model, and ¢, {1
the running and terminal costs. Note that hard constraints on the state and control
can be added, as soft penalties or hard constraints - which may be more challenging
for real-time applications. This OCP is transcripted into a non-linear program, i.e.
the cost and dynamics are discretized using an Euler discretization scheme. This
program is solved online at each control cycle. For the remainder, and without
limitation, we assume that the robot is fully actuated with n joints, the state vector
r = (q,q) € R?" includes the joint positions and velocities and the control vector

u =71 € R" includes the joint torques.
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4.1.2 Rigid contact model
In optimization-based control, it is convenient to assume that contacts between
the robot and the environment are rigid, i.e., pure kinematic constraints that can
be resolved at the dynamics level. The dynamics of a robot in contact is given by
the following constrained dynamical system corresponding to the KKT conditions
of Gauss’ principle of least constraint [172]

M(q) J"(q)| | q |7 bad) (42)

J@ 0 —F —ao(q,q)
where M(q) € R™™ is the generalized inertia matrix, J(g) € R™*" the contact
Jacobian, F' € R the contact force, b(q,¢) € R™ the nonlinear effects of Coriolis,
centrifugal and gravity forces, and ag(g,¢) € R" the contact acceleration drift.
For clarity, the dynamics f in (4.1), is in fact the solution map of system (4.2), i.e.

f:(q,4,7) = (G, F). The dependencies in ¢, ¢ will be dropped in the remainder.

4.1.3 The challenge of force feedback

While the rigid contact model conveniently fits the MPC framework, it inherently
prevents force feedback. The contact force F' corresponds to the Lagrange multiplier
of the contact constraint, namely J§+ ap = 0 (second row of the system (4.2)) [29].
As such, it cannot be controlled in a feedback sense: once z = (¢,q) and F' are
measured, u = 7 is already completely determined by (4.2). Hence, u cannot be
optimized as a function of F' without creating an algebraic loop. This issue is a
typical pathology from control systems with non-zero input-output feedthrough and

can be broken by introducing delay [118]. This point was discussed and addressed
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in our previous work [103], where actuation was modeled as a low-pass filter, and
the joint torques were treated as part of an augmented state. In contrast, we
propose in this Chapter to break this coupling thanks to the online estimation

without augmenting the state of the MPC.

4.2 Force-feedback MPC via online estimation

This section presents a new approach using estimation to leverage force sensor
feedback in MPC. It includes an estimator, a reformulation of the MPC problem to
include force feedback in the MPC model, and a feedback-linearizing compensation

term for unmodeled force directions.

4.2.1 Estimation

As explained previously, it is unclear how to achieve force feedback under the
rigid contact assumption without introducing delays or more complex contact
models. We show here that estimation is a simple way to circumvent this issue
by keeping the rigid contact assumption and correcting the model. Indeed, due to
numerous model inaccuracies, the force F' predicted by (4.2) rarely matches the
force measurement. Hence, a natural idea is to keep track of this mismatch by
estimating online the offset between the model and the measurement with standard
Kalman filtering [171].

The idea of estimating an offset error to improve the closed-loop performance
of the controller is standard in estimation (e.g., [154]). We show that a disturbance

A in the dynamics can incorporate rich force sensor feedback information in the
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MPC. We consider a model of the form:

Mi+b=1+JF+ M(A), (4.3a)

Here, M models how A offsets the dynamics. While the mismatch can be modeled
in many ways, we assume that M is linear. Specifically, we consider two different

models:
e Torque offset (in joint space) : M(AT) = AT
e Force offset (in task space) : M(AF) = JTAF

This offset is meant to correct the model mismatch due to inaccurate modeling
of, e.g., the dynamics, contact model, external disturbance, etc. The idea is to
estimate the offset online, given raw measurement. More precisely, given a prior on
the offset 3, we use joint positions, velocities, accelerations, torque commands, and
force measurements to update the force offset. We assume perfect joint position

and velocity measurements, and Gaussian measurement noise:

A=A+uw, w ~ N(0, P), (4.4a)
q" =G+, v~ N(0,Q), (4.4b)

where F™ is the force measurement and ¢™ the acceleration measurement. P, () and
R are positive-definite covariance matrices. As it is traditionally done in Kalman
filtering, each disturbance distribution is considered to be Gaussian, which allows

to solve the Maximum Likelihood Estimation (MLE) problem [171]. Here, the
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MLE aims at finding the parameters A, ¢, F' that maximize the probability density

function given the observed measurement and prior force offset:

max  p(A,§, F|A,§", F™) (4.5)
AG,F

subject to constraint (4.3a)

Applying the negative logarithm and leveraging the normal distribution assumption,
the problem is equivalent to:
: NI = em2 m||2
Win [|A = Alfp-r 411G = "l + 15 = F™ -

subject to constraint (4.3a) (4.6)

where [[w||%_, = w P~'w. If M(A) is linear, Problem (4.6) becomes an equality
QP and can be solved very efficiently with off-the-shelf solvers. This, in turn, allows
high-frequency online estimation, e.g., 5kHz for a 7 DoF robot. As in a Kalman
filter, the obtained estimate A is used as a prior at the next time step.

Note that other constraints can be considered in the QP, such as inequalities

on estimated quantities (e.g. force offset).

Remark 6. If additional inequality constraints are unnecessary, one may solve
the problem using a Kalman filter [171]. More specifically, one can use Recursive
Least Squares (RLS) [90] with the transition equation, A = A+ w along with the

observation equation

q" -M JT b—1—M(A) v
£ J 0 —Qy i
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in order to estimate A online. Note that if M is linear, this observation model is

linear, and one can use the RLS equations to derive an update rule on A.

4.2.2 Force feedback in the MPC via estimation

Once estimated, the force offset must be considered by the controller. This will
break the coupling between forces and torques discussed in Section 4.1.3 by adding

a delay between the measurement and the corrective term AF.

4.2.2.1 Naive inclusion as a corrective control

A naive approach is to add a feedforward term to the optimal torque given by

the MPC, mypc, to compensate the estimated offset:

T = TMPC — M(A) (48)

Although this work focuses on MPC, this method is agnostic to the nature of the

controller.

4.2.2.2 Inclusion in the predictive model

Alternatively, the offset can be considered directly in the model used by the
MPC. More precisely, we can consider that the offset will be constant over the
horizon of the MPC and solve the OCP using as dynamics Eq. (4.3a) (instead of

Eq. (4.2)). The MPC model is then updated online at each offset estimate update.

Remark 7. Interestingly, when M(AF) = JTAF, updating the predictive model

15 1n fact equivalent to modifying the force reference in the cost function. More
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specifically, the modified dynamics can be written in the following way:

—1
q -M J¥ b—r 0
= — . (4.9)
F J 0 —ay AF
Therefore, the force offset only biases the predicted forces and does not affect the
acceleration. This means that this force offset has no impact on the predicted
trajectory. The offset will only impact terms of the cost function that include
the predicted force. Given a cost of the form ((x,u, F(z,u, AF)), we can simply
consider {(x,u, F(x,u) — AF)) , and discard AF from the prediction model. This
greatly stmplifies the implementation and gives more interpretation to the method.

Interestingly, if the cost function does not depend on the force, the force offset will

not impact the solution of the OCP.

4.2.3 Direct compensation of unmodeled force directions

The above formulation assumes that force can only be exerted in the n. con-
strained dimensions. However, in reality, forces can exist in the other 6 — n,
directions and may interfere with the task if not taken into account (e.g. friction
during a polishing task if only the normal force is modeled).

Following [184], instead of using an explicit 6D force model to compute a feed-
forward compensation term, we propose to use the force measurements directly. This
is in fact a form of Feedback Linearization (FL) as emphasized in [49]. Concretely,

we add to the optimal torque given by the MPC the following compensation FL
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term

T = TMPC — J6TDS é%, (410)

where Jgp € R™6 and F} € R® are the full 6D Jacobian and measured force, and
the selection matrix S : R® — RS nullifies the n, constrained dimensions. In the
experiment section, we will show that this simple FL term will lead to competitive
performances with more established yet more complex friction models such as the
Coulomb model.

From a control perspective, it could seem unsafe at first glance to use measured
forces in the control torque because the robot would always maintain itself in a
disturbed state, which would create divergence of the force (e.g., pushing harder).
But this would happen only if unmodeled forces are unbounded (i.e. motion is
actually constrained by the environment). If the unmodeled forces are bounded,
the disturbance would simply generate motion in their directions. For instance,
if the normal force on a plane is stably controlled, the lateral forces are bounded
by it through the friction cone. In that case, a disturbance increasing the lateral
forces would simply make the robot slip. So this FL term is a safe compensation

term to use in practical situations.

Remark 8. The FL compensation term in Eq. (4.10) could instead be added directly

inside the MPC model, assuming that it remains constant over the whole horizon.
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4.3 Experimental study

In this section, we evaluate the performance of the proposed approach through
a comparative experimental study on a torque-controlled manipulator. First, we
show the major advantage in tracking performance of using explicit force feedback
over classical MPC. This benefit is twofold: force feedback enables to effectively
cancel friction, and it corrects the model mismatch thanks to online estimation.
Second, we demonstrate the benefit of encoding the model mismatch in the task
space (AF) rather than in the joint space (A7). Finally, we show how the proposed
approach outperforms the most established force control strategy (integral control)
by demonstrating that its force tracking performance is identical, but that it

additionally aligns with the MPC objectives.

4.3.1 Experimental setup

All experiments were performed on the torque-controlled KUKA LBR iiwa
R82014. We used an ATI F/T Sensor Mini40 mounted at the tip of the arm on a
custom end-effector mount piece. A short MPC horizon (4 nodes of 6ms) allowed
to run the MPC and the estimator synchronously at 1kHz. The estimation QP
problem (4.6) is solved using ProxQP [9], the OCP (4.1) is transcripted using
Crocoddyl [120], and rigid-body dynamics are computed using Pinocchio [33].
Our code is publicly available?. Moreover, the accompanying video illustrates the

robustness of the proposed approach to external disturbances.

thtps ://github.com/machines-in-motion/force_observer
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4.3.2 Tasks formulation

4.3.2.1 Polishing task

A constant normal force is exerted on a horizontal plane (e, e,) while tracking
a circular end-effector trajectory. The MPC includes a 1D rigid contact force model
(n. = 1) so that the constraint (4.3b) prevents motions in the normal direction e,

and ignores tangential forces in the (e,,e,) directions. The cost function is

Uz, u,t) = willa(t) — 2(t)llg, +w2llult) — a(t)llg,
+ws|p*(t) — P (t)llg, + wall F(t) — F(B)Il5,

+ws [V (1) lg, + well logy (R**(t)" R™(1)) |15,

where (w;, Q;)i=1.6 are positive scalar weights and positive diagonal activation
matrices, Z(t) = (q(t),0) is a reference configuration, p®(t), F'(t), R*(t) are the

position of the end-effector, contact force and end-effector orientation respectively,

nee

,0%¢(t), F(t), R*(t) are their respective references, v°(¢) is the end-effector velocity,

u(t) = g(q(t)) — JLF(t) is the gravity compensation torque under external forces,
logs : SO(3) — so(3) is the logarithm map on rotations. The circular trajectory

1

p*(t) has a diameter of 14 cm and a speed of 3rads™', unless otherwise stated.

The reference normal force is constant F = 50 N.

4.3.2.2 Force step tracking task

A 3D contact force (n. = 3) step signal is tracked. Hence the motion of the
end-effector is constrained in normal and tangential directions. The cost function

has the same form as the polishing cost function (4.11), with the only differences



92
that F(t), F(t) are 3D, the reference end-effector position p®(¢) is now constant,

and the force reference is defined as F'(t) = (F,(t), F,(t), F.(t))) where F,(t) is a

step signal from —10N to 10N, F,(¢) = ON and F,(t) = 100N are constant.

4.3.2.3 Energy minimization

A sinusoidal joint position trajectory is tracked while maintaining a fixed 3D
contact with the horizontal plane and minimizing ||7]|*>. The cost function is similar
to the polishing (4.11), except that the reference configuration ¢(t) is no longer
constant, no end-effector cost is used (w3 = ws = 0), and the control regularization
term is turned into an energy term (#(t) = 0). The reference joint trajectory is a
sine on the A3 joint with an amplitude of 0.2rad and a frequency of 2Hz. Here
the force objective acts as a regularization term to avoid slipping and large forces

(i.e. wy < wy,ws, wg) and the reference is F(t) = (0,0, 50).

4.3.3 Friction model vs direct measurement feedback (FL)

We evaluate the effect of force feedback as a direct compensation of the contact
friction (Section 4.2.3). We compare its performance on the polishing task against
the classical MPC (i.e., without compensation) and the well-known Coulomb’s

friction model
v
v

where Fr € R? is the tangential force, Fy £ F € R is the normal force, v € R? is
the tangential velocity of the contact point and y is the dynamic friction coefficient.

This model is clearly discontinuous in v so in order to avoid chattering phenomena,
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Figure 4.1: Normal force trajectories of the medium-velocity polishing task. The
blue curve is the classical MPC without friction compensation, the green curve is
the classical MPC with the Coulomb model compensation, and the red curve is the
classical MPC with FL compensation.

we consider the following smooth relaxation

_tanh(eflv]]) v

v2 ol

Fy, (4.12)

where we used p = 0.35 and € = 10. Our results are reported in Table 4.1
for several polishing speeds. We can see that the Coulomb model is slightly
better in fast motions but less performing in slow motions. Figure 4.1 shows the
corresponding force trajectories for the medium-speed polishing task. Note that
the FL compensation term only uses the 3D Jacobian as the contact torques are
negligible in that task. These experiments confirm that considering the friction
forces substantially increases performance w.r.t. classical MPC. Moreover, it shows

that explicit force feedback from sensors can effectively be used as an FL term to



Default FL Coulomb
Slow (1 rad/s) | 7.67+£0.55 | 3.83+0.17 | 4.72 4+ 0.21
Medium (3 rad/s) | 9.66 +1.38 | 3.92 4+ 0.56 | 3.99 4+ 0.33
Fast (6 rad/s) | 16.42+0.79 | 5.22+0.32 | 4.82 £ 0.25
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Table 4.1: Mean-absolute error (MAE) of the normal force (in N) for the polishing
task over 10 circles: classical MPC (Default), FL compensation (4.10) and Coulomb
model (4.12).

AT AF
Corrective control | 2.01 £ 0.08 | 1.55 4 0.03
Predictive model | 1.95+0.07 | 1.55 +0.04

Table 4.2: MAE of the normal force (in N) for the polishing task: force offset AF
vs. torque offset A7, used in the control loop either in the ”predictive model” way
of 4.2.2.2 or in the ”"corrective control” way of 4.2.2.1.

directly compensate for friction effects and that it leads to a similar performance
to well-established friction models.

As pointed out in Remark 8, it would be interesting to use the Coulomb model
inside the MPC so that lateral forces are predicted using velocity and rigid normal
force predictions, but this raises challenging issues (non-smoothness, insufficient

software, breaks symmetry of KKT (4.2), etc.).

4.3.4 Comparison between force offset and torque offset

In this experiment, we compare the two mismatch models introduced in Section
4.2.1, namely the torque offset A7 and the force offset AF. Although capturing
all disturbances in AT seems intuitive, experimental comparisons on the polishing
task reveal a higher tracking accuracy for AF. For each model, we implemented

the two ways of incorporating the correction into the MPC, namely

e The "corrective control” way of 4.2.2.1: the correction is added to the optimal

torque as a feedforward input
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Figure 4.2: Normal force (top) and end-effector position error (bottom) for the
polishing task: in blue the classical MPC (4.1), in green the classical MPC with the
FL compensation term (4.2.3), in red the proposed approach with FL. compensation
and the force offset in the predictive model (4.2.2.2).

e The "predictive model” way of 4.2.2.2: the correction is added directly to the

model

Figure 4.2 illustrates how force feedback improves both the force tracking and the
end-effector position tracking. Our results are summarized in Table 4.2. There is a
notable performance difference between AF and A7 with a clear advantage for the
force offset. Intuitively, the torque offset estimates perturbations unrelated to the
contact (e.g. joint stiction) while the force offset only corrects what is necessary to
improve the force tracking. There is, however, no clear difference in performance
between using the estimate as a corrective control or in the predictive model. There
seems to be a slight advantage for the predictive model, but the performance gap

is too shallow to draw any conclusions.
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4.3.5 Integral force control
Our approach is now compared to the most established direct force control
approach - integral control. We were not able to find a difference in performance
between using the integral term in the predictive model or as a corrective control.
This question being out of the scope of this Chapter, we propose to consider only

the latter:

7 = nvpe — J(q)T <_K, /Ot (F(t) — F(t) dt’) (4.13)

Note that we deliberately chose not to include a proportional and a derivative control
term as Volpe et al. [178] demonstrated both theoretically and experimentally that

pure integral gain control was the best choice for accurate force tracking.

4.3.5.1 Polishing

We observed the same force tracking performance on the polishing task for the
integral controller (1.69 £ 0.05N) than for the proposed approach (cf. Table 4.2,

AF as corrective control).

4.3.5.2 Step experiment

We show in this experiment that the proposed approach and integral control
have equivalent force tracking performances on a force step tracking task. The
force trajectories are in Figure 4.3. We also report the average force tracking error

of all the controllers in Table 4.3.
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Figure 4.3: Lateral force trajectories in the e, direction for the force step tracking
task: the blue curve is the classical MPC (Default), the green curve is the classical
MPC with with integral control (Integral) and the red curve is the force offset
estimation AF' included in the predictive model (AF (PM)).

Avg. error
Default 1.99
AF (predictive model) 0.71
AF (corrective control) 0.60
AT (predictive model) 0.80
AT (corrective control) 0.87
Integral control 0.68

Table 4.3: MAE of the normal force error for a step tracking task for different
controllers: classical MPC (Default), force offset estimation (AF), torque offset
estimation (A7) and integral control. AF and At are used as corrective control
(4.2.2.1) or in the predictive model (4.2.2.2).

4.3.5.3 Energy minimization

In this experiment, we illustrate the ability of force feedback MPC to achieve
contact tasks with conflicting objectives. Table 4.4 shows how the proposed force
estimation approach aligns with the MPC objectives by trading off force tracking
against energy minimization: its overall cost is lower than the integral controller,
which conflicts with the MPC and generates a high cost. These results also show
interestingly that somehow, the torque offset estimation (A7) uses less energy than
the force offset estimation (AF'), although it yields a slightly higher cost overall.

This suggests that encoding the mismatch as a joint torque offset may have its own
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Avg. ||7||* | Total cost
Default 136 =21 | 0.444+0.02

AF (predictive model) | 139+13 | 0.43£0.01
AF (corrective control) | 145418 | 0.43 +0.02
AT (predictive model) | 131 +£21 | 0.48 +0.01
AT (corrective control) | 132422 | 0.51 £0.02
Integral control 1052 £ 29 | 0.82 £ 0.027

Table 4.4: Average squared torque and total cost for each controller for the energy
task: classical MPC (Default), force offset estimation (AF'), torque offset estimation
(A7) and integral control. AF and At are used as corrective control (4.2.2.1) or in
the predictive model (4.2.2.2).

benefits, other than accurate force tracking. The accompanying video illustrates

the relative importance of wsl|7(|3, w.r.t. the total cost.

4.4 Conclusion

In this Chapter, we proposed a simple approach to achieve force feedback in
MPC that relies on the online estimation of the mismatch between the predicted
forces and the force measurements. Our experiments showed that force feedback
effectively cancels friction and brings the force tracking performance to the level of
the most established direct force control strategies. We also studied two variants
of our approach: the estimation of a torque offset in the joint space, and the
estimation of a force offset in the task space. Our experiments show that the force
offset yields a more accurate force tracking while the torque offset is more generic
and can enhance other criteria (e.g., energy minimization).

Through this study of force-feedback MPC, we have seen how online estimation
can be used to adapt the model of the controller to unforeseen situations. While this

can be very effective, this ignores the estimation uncertainty and therefore cannot
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reason about the notion of risk. In safety-critical applications, naively considering
the estimated state to be the real state can be suboptimal or lead to catastrophic
results. In the next Part, we investigate how to solve efficiently formulations that
consider the estimation and control problem jointly in order to reason about the

risk due to the perception uncertainty.
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Part 11

Reasoning about the Perception

Uncertainty
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Chapter 5

Stagewise Newton Method for
Dynamic Game Control With

Imperfect State Observation

In this Chapter!, we study dynamic game optimal control with imperfect state
observations. This formulation solves jointly the estimation and control problem in
order to reason online about the perception uncertainty. While this formulation
has been widely studied theoretically, the lack of an efficient solver has hindered
its deployment on hardware. Hence, we introduce a stagewise implementation of
the Newton method to efficiently solve dynamic game control with imperfect state

observation in the nonlinear case.

!This Chapter is adapted from the following publication: A. Jordana et al. ”Stagewise newton
method for dynamic game control with imperfect state observation.” IEEE Control Systems
Letters, 2022.
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5.1 Dynamic game control with imperfect state

observation

Similar to [39, 40], this work studies a special class of nonlinear dynamic games
with imperfect state observation [94]. Given a history of measurements y;,, a
history of control inputs, ug.;_1 and a prior on the initial state Zy, we aim to find a
control sequence u;.r_1 that minimizes a given cost ¢ while an opposing player aims
to find the disturbances (wq.r,v1.;) that maximize this cost ¢ minus a weighted

norm of the disturbances. Such a problem is formally written as:

T-1
min maxmaxZﬁj(xj, u;) + lr(xr) (5.1)

Ut:T—1 Wo:T Y1:t -
Jj=0

t T
1
"o ( P+ YAl R+ zwfcsz)
j=1 J=1

subject to  x¢ = Zg + wo, (5.2a)
Tivr = fi(25,u5) + wis, 0<j<T, (5.2b)
Y5 = hy(;) + 7, 1<j<t (5.2¢)

where o > 0. z; is the state, w; the process disturbance, v; the measurement
disturbance, 7" the time horizon, ¢ the current time. The transition model f;, the
measurement model h; and the cost ¢; are assumed to be C?. The measurement
uncertainty [7;, the process uncertainty (); and the initial state uncertainty P are
positive definite matrices.

Interestingly, this problem encompasses various formulations of control and
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estimation. If ¢ = 0 and if wy is fixed to zero, we recover dynamic game control

with perfect state information. Additionally, if £ = 0, in the limit where p tends to
zero, we find the generic optimal control formulation [30]. And lastly, if ¢ = 7" and
if we consider all the cost ¢; to be null, then, (5.1) is equivalent to maximizing the
MAP.

In the linear dynamics and quadratic cost case, Jacobson [91] showed that dy-
namic game control is equivalent to risk-sensitive control and derived a closed-form
solution. Later, Whittle [186] extended the results to the linear quadratic case
with imperfect state observations. In [78], a first iterative version of Whittle’s
solution was introduced to tackle the nonlinear risk-sensitive problem with im-
perfect observations. However, the stochastic nature of the problem hindered the
development of theoretical guarantees. Although dynamic game and risk-sensitive
control are equivalent in the linear quadratic case [91], this is no longer the case in
the nonlinear setting [30]. Nonetheless, dynamic game control is tightly connected
to robust and risk-sensitive control. In [30, 94], James and Campi showed that
dynamic game control can be interpreted as the limit case of risk-sensitive control
when noise tends to zero. Recently, Bagar [12] presented a detailed overview of the
connections between both problems in continuous time. Additionally, Basar and
Bernhard [15, 20] established the connections between dynamic game control and
H*-Optimal Control both in the perfect and imperfect state information cases.

For nonlinear systems, estimating a state trajectory corresponding to some given
measurements is usually intractable analytically. A common approach is to model
the noise as Gaussian and to maximize the Maximum A Posteriori (MAP) [42].
If the dynamics are affine, then the problem can be solved analytically with the
so-called Rauch-Tung—Striebel (RTS) smoother [151]. The RTS smoother is made
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of a forward recursion which resembles the Kalman Filter (KF') and a backward

recursion. In the nonlinear case, iterative schemes are usually used. A popular
choice is the iterative Kalman smoother which is equivalent to a Gauss-Newton
method on the MAP [17]. The estimation part of our proposed solution resembles
a risk-sensitive version of this smoother.

In optimal control or dynamic game control with perfect state information,
various numerical optimization algorithms have been developed to iteratively find
solutions in the nonlinear case. In optimal control, the most analogous to our
work are Differential Dynamic Programming (DDP) [137] and the stagewise im-
plementation of Newton’s method [55]. The stagewise Newton method is an exact
implementation of Newton’s method that exploits the specific structure of the
Hessian matrix in order to scale linearly with the time horizon. DDP is an iterative
algorithm that takes an update step on the control input by applying dynamic
programming on a quadratic approximation of the value function. In [137], Murray
showed that DDP is very similar to a Newton step and inherits its convergence
properties. For dynamic game control with perfect state information, the seminal
work from [133, 135] introduced minimax DDP showing that DDP could be ex-
tended to zero-sum two-player games. Recently, [45] further extended the concepts
of stagewise Newton method and DDP to nonzero-sum games with an arbitrary

number of players in the full information case.
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5.2 Stagewise Newton method

5.2.1 First order conditions for a Nash equilibrium

The main challenge in the problem formulation (5.1) is the equality constraint
maintaining the dynamic feasibility. A popular approach [133] is to derive a DDP-
like algorithm by sequentially taking quadratic approximations of the value function
recursion. However, a stagewise Newton step can readily be derived. One of the
key features of the dynamic game (5.1) is that by changing the decision variable of
the opposing player, one can transform the problem into an unconstrained one [94].
Indeed, we can use the equality constraints of Eq. (5.2) to replace disturbance
maximization into a maximization over the state sequence. Then the problem loses

its equality constraints and can be formulated as the search of the saddle point of

T-1

J(IO:Tyut:T—1> = ij(xj,uj) —I—gT(CCT) (53)
— —(wo — £0)" P (20 — o)

T —
— — > (y; = hi(x;)) Ry (y; — hy(x;))
j
T—

1 T -1
~ 2 (i1 — i@, uy))” Qi1 (w1 — fi(x),u5)).

§=0
However, without convexity and concavity assumptions, we cannot aim at finding
global solutions of the minimax problem. Hence, we restrict our attention to local

Nash equilibrium, namely a point (z§.,, ufr_;) such that there exists § > 0 such

that for any (xo.r, upr—1) satisfying ||xor — 25.0|| < 6 and ||upr—1 — wjip_4|] <4,
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we have

J(fozTaU::Tq) < J<x(§:T7u::T—1> < J(x(*):Tvut:T—l)- (5.4)

A standard approach to this problem is to search for a stationary point [13]:

aJ
dxo.1 (@575 Ui 1) 0 (55)
8Ufi71 (‘CES:T’ u:‘,(:Tfl)

Interestingly, the change of decision variable in Eq. 5.3 turned the problem into an
unconstrained one but made no assumption on the structure of the cost. The only
required assumption is that each disturbance is in a one-to-one map with the state

at each time step.

5.2.2 About the Linear Quadratic case

In the linear quadratic case, Whittle has shown that under some conditions, the
saddle point of (5.4) is global and can be computed analytically. More precisely, the
order of the minimization and maximization in (5.1) can be interchanged, namely
the lower value and upper value of the game are equal. Despite this result, one of
the difficulties of the problem (5.1) is that it links estimation and control. One of
the major contributions of Whittle is the introduction of the notion of past stress
and future stress, showing that the KF and LQR principles can still be applied. In
other words, the problem can be solved by performing a backward recursion on the
controls and future states and a forward recursion on the past states. The future
stress recursion can be interpreted as a value function recursion similar to LQR,

while the past stress can be interpreted as a rollout of KF. Here, we use these two
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principles to efficiently solve iteratively the nonlinear case.

5.2.3 A stagewise Newton’s method

In this section, a stagewise formulation of the Newton method to find a stationary
point of J is introduced. While a naive implementation of the Newton method would
yield a complexity of O(T?), it is shown that the special structure of the Hessian
induced by time can be exploited in order to obtain a linear complexity in time O(T').
In the perfect state observation case, [55] and [45] derived a stagewise Newton
method with a backward recursion on the controls. However, with imperfect state
observation, it is no longer clear how to do this with only one recursion. Instead,
we show that the principles introduced by Whittle can be applied.

To ensure that the proposed method is well defined and to guarantee convergence,
we assume that the cost satisfies smoothness and non-degeneracy conditions required
for the convergence of Newton’s method [143]. As the cost (5.3) is unconstrained,
the gradients and Hessian of the cost can readily be computed. At iteration i, given
a guess xh, xt ... b ul. .. ub_ |, also referred to as the nominal trajectory, the

Newton step, denoted by p, satisfies

0?J 0?J aJ
Oxo.r 0T 0.7 Oxo.rOup.T 1 - dxo.r
2 02 P=1 as (5.6)
Oup.r—10T0.r  OUpr—10UpT 1 Oupr—1

T
Here, p = (pfO:T pgt:Tl) where p,, . € RTTD is a stack of vectors p,, € R™
with n, being the dimension of the state space. Similarly, p,,, , € RT " is a
stack of vectors p,, € R" with n, being the dimension of the control space. To

simplify the notations, we define an augmented Hessian of the cost that contains
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the second-order derivatives of the dynamics for all k£ < T

)TT __ )T 1.5 T -1 paz —1 iT p—17 2z
GF =07+ W41 Qk+1fk + T hicr<yy By IS
gru _ guzt  pzu -1 1 T ~N—1 fau
G =07 =0+ p wp Qi fi,

Juu uY - i T = [N
O =0+ p 1wk+1 Qkhfk ) (5.7)

where the derivatives are evaluated at the current guess and where:

wiﬂ = 952+1 - fk:(xéw Ui) (5.8)

Ve = Y — () (5.9)

Here, the second order derivatives of the dynamics are tensors. The exact
definition of the tensor indexing and the tensor product is provided in Appendix B.
The next three propositions are analogous to the principles introduced by
Whittle: the past stress recursion, the future stress recursion, and the coupling of
the past and future stress recursions. The first proposition, analogous to the future
stress recursion, expresses every future state and control update step as a function

of pa,.

Proposition 3 (Future stress). In Equation (5.6), the last (T —t)(n, + ny) rows

are equivalent to:

Pzyy = (I - ,U/QkJrlkarl)_l (flfpfﬂk + flgpuk

+ UQk1 k1 — Whyy)
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where Vi, and vy, are solutions of the backward recursion:

Pip1 =1 — pVi1Qpa (5.11)
Quu = 0" + i T Vi fi
Quz = 0 + T Vi f

Qu = quf + fIgTFI;iI (Uk+1 - Vk+1w2+1)

G = ~QuuQus

gk = = Qi Qu

Vi = 0" + kaTFI:-&l-lkarlflf + QL Gy

v =05+ [ET (vke — Vienwiy) + Qlogi
with the terminal condition
Vi =077, vp = (7. (5.12)

In those equations, u intervenes only in I'y, and the augmented terms of the
cost. Interestingly, F,:l shifts, at each time step, the value function terms Vj, and
v,. Then, the second proposition, analogous to the past stress recursion, expresses

every past state update step as a function of p,,.

Proposition 4 (Past stress). In Equation (5.6), if t > 1, the first (t — 1)n, rows

are equivalent to: Vk =0,...,t —1,

D), = Ek_-&l ( lfTQl:-il-l (w;'c—&-l + pwk+1) + pk_llak + :uli) (513)
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where Py and [i, are solutions of the forward recursion:

Epp1 = P+ [T Quly fi — nli®

Pipr = Qe + fR(B = pli™) 1 70

Ky = pk+1hﬁi1(3k+1 + h£+1pk+1hii1)_l

Pry1 = ([ - Kk+1hl€+1)]5k+1

firr = (I = KB ) (ff fik — Wiy) + K1V

+ MPkHQi;hflek_h(iixﬂk +05) (5.14)
with the initialization
POIP, /ALOIL%O—LIZ'%. (515)

Interestingly, if all the cost terms /¢; are zero and if ¢t = T, the method is
equivalent to a Newton method on the MAP. Furthermore, if the second-order
derivatives of the measurement function are omitted, then the algorithm is equivalent
to the iterative Kalman Smoother. Finally, the third proposition shows how both

past stress and future stress recursions can be coupled to find the update step p,,.

Proposition 5 (Coupling). In Equation (5.6), the remaining rows (from tn, + 1

to (t + 1)n,) are equivalent to
Per = (P71 = V) ™ (P + ) - (5.16)

In the limit case when pu tends to zero, the estimation and control are decoupled

and we recover the usual certainty equivalence principle: p,, = fi;. The algorithm
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is then equivalent to an iterative estimator and an iterative controller running

independently. More precisely, at each iteration, the controller uses the current

estimate of the smoother.

Proof. The proof follows from the analytical derivations of the gradient and the
Hessian of (5.3), a forward induction from 0 to ¢ and a backward induction from

T to t. The complete proof is provided in the Appendix B. O]

Algorithm 4: Stagewise Newton step

Input: z{, 2% ... 28 ul..  ub |
// Estimation forward pass
1 ]30(—]37 ﬂo%.ﬁo—l‘é
2 for k=0,..t—1do
s | Pry1ieyr < Eq. (5.14)
// Control backward pass
a Vp g%x, v — E%
5 for k=T-1,...t do
6 L Vi, vk < Eq. (511)
// Estimation and control coupling

_ 1, 1.
7 P, (P —uVa) (P e+ o)
// Estimation backward pass
s fork=t-1,..0do
9 L Dz, < Eq. (5.13)
// Control forward pass
10 fork=t,... T —1do
11 L Puy,> Parpyy < Eq. (5.10)
Output: py.po, - Do Pug - - - > Pur_,

In the end, the update step, p, can be computed with a forward recursion on
the past indexes, a backward recursion on the future indexes, a coupling equation,
a backward recursion on the past indexes, and a forward recursion on the future
indexes. Algorithm 4 summarizes those steps. Clearly, the complexity is linear in
time. Instead of inverting a matrix of size ((T' + 1)n, + (T — t)n,), Algorithm 4
only operates with matrices of size n, or n, and the number of operations is

proportional to T
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5.2.4 Line-search and convergence
In the linear quadratic case, Algorithm 4 is equivalent to Whittle’s derivations
and only one iteration is required to find a solution. However, in the general
nonlinear case, several iterations of Newton’s step are required. A common approach
to guarantee the convergence of the overall iterative procedure is to introduce a line
search and a merit function [143]. Given a guess at iteration ¢ and a direction p,

the next guess is defined by

i+1

T x D
0:T 0:T To:. T
i+1 7
U1 Upr—1 Puyry

where the step length «; is chosen in order to decrease the merit function. As
advocated by Nocedal et al. [143], a Newton step provides a descent direction for

the merit function

2 T—

;z

T
1
fM(a?O:T)ut:T 1 - 52 (518)

8% (‘9u]

This merit function can be derived analytically. The exact derivations of each
gradient are provided in the Appendix B. By construction, the expected decrease
of the direction p derived by Algorithm 4 is p'V fy = —||VJ||3 and the following

convergence guarantees hold.

Proposition 6. Assuming that the norm of the inverse of the Hessian of J is
bounded and that the step length «; satisfies the Wolfe conditions for the merit
function (5.18), the sequence (zi.p,ulr )i defined by the update rule (5.17) with

steps from Algorithm 4 is globally convergent to a stationary point of (5.3). Fur-
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thermore, when the iterate is sufficiently close to the solution, the sequence has

quadratic convergence.

Proof. This proposition is a direct consequence of the fact that Algorithm 4 yields
a Newton step. A detailed proof of the convergence guarantees of the Newton

method is provided in [143]. O

One may ask under which conditions the Hessian of J is non-degenerate. Intu-
itively, large values of u can make the problem ill-defined. Indeed, if the opposing
player can choose large disturbances, then the controller might not be able to
compensate. In the linear quadratic case, Whittle [186] studied this maximum
value for p that makes the problem ill-defined. Although we do not study this limit
value in the nonlinear case, we note that analogously to the linear quadratic case,
the algorithm is well defined if I'y, and P, ' — puf#® are positive-definite, which is

the case when p is small enough.

5.2.5 About the cooperative case

So far, only the case, 1 > 0 has been considered, but the case p < 0 is also
well defined. Indeed, the search for a stationary point of J can be done for an
arbitrary sign of u. However, such a stationary point would now be a way to find a
local minimum of J with respect to the variables (xo.7, us.7—1). Interestingly, this
scenario can be interpreted as a cooperative scenario between the controller and
the opposing player. In fact, the disturbances can be seen as a second controller
minimizing the cost, ¢, and maximizing the likelihood of the disturbances. Clearly,
this change of sign does not affect the derivation of the stagewise Newton method.

However, it can be noted that in that case, one can directly use the cost J as a
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merit function.

5.3 Experiments

A Python implementation of the proposed method is available online 2. It
is based on the Crocoddyl software [121], a state-of-the-art (risk-neutral) DDP
solver that provides analytical derivatives of robot dynamics. In this section, two

numerical examples illustrate the proposed method.

5.3.1 Planar quadrotor

We study a quadrotor moving in a plane aiming to reach the position (p, py,) =

(2 0) starting at the origin without initial velocity. The state is
z=(ps p, 0 px Py 0)" (5.19)
where 6 is the orientation of the quadrotor. The system dynamics is

mp, = —(uy + uz) sin(0),
mp, = (u1 + ug) cos(f) — mg,

JO = r(u; — uy), (5.20)

where the control input u = (u; uz)? € R? represents the force at each rotor

and g is gravitational acceleration. An exponential cost models the presence of an

’https://github.com/machines-in-motion/dynamic_game_optimizer


https://github.com/machines-in-motion/dynamic_game_optimizer
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obstacle

U2k, up) = 0.3 exp (—10(pyy, — 1)* — 0.5(py, + 0.1)?)
+ 0.005|uy, — @|? 4 0.05(z — x,) T L(xy, — x,)

lr(zr) = (o9 — 2,) L(zp — ), (5.21)

where 2 = %2(1 )", 2, =(2 0 0 0 0 0)7, and L = diag(100 100 100 1 1 1).
Only the position, p,, py, and orientation ¢ are part of the measurements. The
integration and discretization of the model is done with Runge Kutta 4 with a
time step of 0.05 and the total horizon, T, is 60. Furthermore, Py = Q = 10~°I;,
R =10"*diag(1 1 0.01) and &, is the origin. A backtracking line-search is used —
a step is accepted if fii' < fi, + cicp! fi, where fi, = faa(@hp ubp ;) with ¢ = 1,
The iterative process is stopped when the decrease in the merit function is lower
than 10712

Figure 5.1 illustrates the solution obtained by the solver for different values of
i. The neutral controller, the limit when p tends to zero, aiming at minimizing the
cost without accounting for disturbances, is solved using DDP. Interestingly, when
 is positive (the non-cooperative case), the opposing player chooses disturbances
that will push the quadrotor towards the obstacle, and when p is negative (the
cooperative case), the opposing player chooses disturbances that will push the

quadrotor away from the obstacle. For this experiment, we found that the value of

for which I'y, and P, " — uf%® are no longer positive-definite matrices was around 20.

Next, we illustrate the risk-sensitive behavior of the resulting controller in

closed loop in a simulation with disturbances following Gaussian distributions:
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Figure 5.1: Initial plan for different values of 1. The larger p the more the controller

plans to be pushed against the obstacle.
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Figure 5.2: Average trajectory. Compared the neutral controller, the dynamic game
controller (u = 6) exhibits a risk sensitive behavior as it remains further from the

high cost area representing the obstacle.

xo ~ N (2o, Py), wp ~N(0,Q) and ~, ~N(0,R). We set 4 = 6 and at each

time step of the simulation, Algorithm 4 is run and u; is applied to the system.

Additionally, we compare to the neutral controller — an iterative Kalman smoother

is used for the filtering and the controller uses DDP with the last state estimate

from the smoother as an initial condition. Figure 5.2 depicts the average and

standard deviation over one thousand simulations. We can see that, in this MPC
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Figure 5.3: Average control trajectories. Compared the neutral controller, the
dynamic game controller (u = 6) has a larger standard deviation.

scheme, the dynamic game controller maintains a larger distance from the obstacle,
resulting in safer behavior. Figure 5.3 shows the distribution of control trajectories.

Interestingly, the dynamic game controller has a larger standard deviation.

5.3.2 An industrial robot

In this example, we consider the 7-DoF torque-controlled KUKA LWR iiwa
R820 14. The dynamics of the robot are provided by Pinocchio [32]. The 14-
dimensional state is composed of the joint positions and velocities. We consider the
following prior on the initial condition o = (0-1 07 0. 07 =05 1.5 ()')T.
The control input is a 7-dimensional vector of the torque applied on each joint. The

goal is to move the end effector to a desired position, prarget = (_()'4 0.3 0_7)
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with the following cost:

Op(h, up) = 107 [y, — |3 + 107 fJuy, — @(a)|f3
+ 10_1||ptarget - p(xk’)H%

Ur(2r) = ||Prarger — D) |13 + 107l — @[3, (5.22)

where @(zy) is the gravity compensation and p(xy) the position of the end-effector.
For the measurement model, we assume that only the joints’ positions are mea-
sured. The initial control inputs uq, ... u;_1 are generated with DDP. Given those
t initial control inputs, ¢ measurements are generated according to an undis-
turbed trajectory. More precisely, for 1 < k < t, the observations are defined
by e = hi(f* (20, urr_1)) where f*) (&g, u14_1) denotes the state value at the
k" step integrated from the initial guess #y. The horizon, T, is 100 and t is 5
while the sensitivity parameter is set to u = 1.2. Here Py = Q = 0.01 x [14 and
R = 0.5 x I;. For this experiment, the second-order derivatives of the dynamics
were approximated to be null as the former are not provided by most standard
rigid body dynamics libraries such as Pinocchio [32]. Note that this is a common
practice for state-of-the-art optimal control algorithms in robotics [121]. Our solver
converges nevertheless, suggesting that this approximation might be used to scale
to a large number of degrees of freedom for real-time computations (e.g. MPC). In
Figure 5.4, we plot the solution of the dynamics game solver compared to DDP in
the end-effector space; the shaded grey area represents the estimation part of the
solution. We can see that the dynamic game controller plans that the disturbances

will slow down the reaching task.
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Figure 5.4: End-effector position vs time. The dashed lines represent the target.
5.4 Conclusion

In this Chapter, we introduced an iterative solver to find local Nash equilibrium
of dynamic game with imperfect state measurements. The proposed algorithm is
proven to be equivalent to Newton’s method and benefits from its convergence
properties while scaling linearly with the time horizon.

Solving simultaneously over a horizon of past measurements and future control
allows to reason about the perception uncertainty. However, in practice, estimation
does not always require a large history of measurement. In fact, the Kalman filter,
the most widely used filter, only requires one past measurement to provide an
estimate. In the next Chapter, we will show that under the same assumptions as

the established Kalman filter, we can derive a filter reasoning about risk.
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Chapter 6

Risk-Sensitive Extended Kalman

Filter

In this Chapter!, we leverage our previous theoretical results on dynamic
game control with imperfect state observation (Chapter 5) to introduce the Risk-
Sensitive Extended Kalman Filter (RS-EKF), a novel filter that enables online
risk-sensitive output feedback MPC. The RS-EKF computes state estimates robust
to measurement uncertainty while taking into account the value function provided
by the controller, i.e., the estimator tailors risk reduction to the control objectives.
This, in turn, enables automatic modification of robot decisions to be cautious in
times of high environmental perturbation. Furthermore, RS-EKF has a similar
computational cost to an EKF, allowing real-time deployment. To demonstrate
the ability of the filter, we use it together with a DDP-based online non-linear

controller to perform risk-sensitive output-feedback MPC on various simulated

!This Chapter is adapted from the following publication: A. Jordana et al. ”Risk-Sensitive
Extended Kalman Filter.” IEEE International Conference on Robotics and Automation (ICRA)
2024.
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robots, such as a quadrotor subjected to arbitrary changes in its mass, and a KuKa

robot facing unforeseen environmental disturbances. Finally, we test the filter on
a real quadruped robot Solo12 [75] to perform an external force estimation and
balancing task. These experiments demonstrate that the robots are more robust to
perturbations with the RS-EKF algorithm than a classical EKF. To the best of our
knowledge, this is the first time that a non-linear risk-sensitive output-feedback

MPC controller has been deployed on a robot.

6.1 Background: Extended Kalman Filter

We now discuss the structure of the EKF necessary to derive our filter. The
EKF is usually derived by computing the probability a posteriori of the state given
measurements, using the linearized dynamics and a Gaussian noise assumption
[171]. However, the EKF can also be derived from an optimization point of view
[18]. More precisely, the EKF can be seen as a Gauss-Newton step around a well-
chosen point on the log-likelihood of the maximum a posteriori probability (MAP),
i.e. log(p(wy, x—1]ye)) [18]. Assuming disturbances follow Gaussian distributions,

v ~ N(0, Ry), we ~ N(0,Q;), the MAP can be written as:

max  —(y; — he(z)) Ry — he(zh))

Tt,Tt—1

— (2 — frot(@m1,we1)) QN — fioa (i1, win))

— (@41 — ftfl)TP;ll(Sth — T¢1) (6.1)

where z;_; is the prior knowledge on the past state and P;_; its associated covariance

matrix. Asshown in [18], a Gauss-Newton step around Z;_1 and z; = fi—1(Z¢—1, ur—1)
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on (6.1) leads to the well-known recursion [171]:

P, =Qi+ F P F, (6.2)
K, = PH' (R, + H,P,HI)™ (6.3)
P, = (I — K,H,)P, (6.4)
fie = Ki(ye — hu(Z4)) (6.5)
Ty = Ty + [l (6.6)

where Fy_1 = 0, fi—1(Z4—1,w—1) and H; = 0,h(Z;). Here, Z; is the most likely
estimate and P, is the covariance uncertainty. In practice, at the next time step, ;
is used as the prior knowledge on the state.

We notice the similar structure of the costs of Problem (5.1) and Eq. (6.1), except
that the EKF only uses one measurement and does not include the control cost ¢;.
Hence, Eq. (5.1) can be seen as a maximization of the estimation log-likelihood up
to some cost terms. We will leverage this similarity to derive a risk-sensitive version
of the EKF. More precisely, we will add cost-dependent terms in the maximization

(6.1) in order for the filter to adapt to the control objective.

6.2 Risk-sensitive filter

We now introduce RS-EKF, which builds on the dynamic game defined in
Equation (5.1). First, we modify the game to account for typical assumptions made
for MPC while keeping the adversarial part that provides the risk-sensitive behavior.
Then, we show how the solution can be computed with a Gauss-Newton step similar

to the EKF, leading to an algorithm of similar complexity. Our formulation leads
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to a modified update in the filter of which the standard EKF can be seen as a limit

case.

First, as for the EKF, we consider a history of measurements of length one.
Furthermore, we disregard future uncertainties and assume deterministic dynamic
equations for the future as is done in classical MPC formulations. Indeed, we
expect that the high-frequency re-planning will compensate for model discrepancies.
In the end, the problem is supposed to be adversarial only with respect to the

uncertainties related to the estimation. This can be written as:

min max maxmax L;(u, ..., ug 1) (6.7)
UptbH-1 W Wil Y
— i (v By 'y + wl Qp hwy + wi Piwg )
St X1 = Ty_1 + we_1, (6.8a)
= fio1(ze1, ue1) + wy, (6.8b)
Yy = he(xy) + v (6.8¢)
T = fi(zj,uy), t<j<T. (6.8d)

As presented in Chapter 5, one of the key features of the dynamic game is that
some of the constraints can be removed with an appropriate change of variable.

Indeed, we can use the equality constraints of Equations (6.8a), (6.8b) and (6.8¢)
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to replace the disturbance maximization into a maximization over x;_ 1, x;:

(i max Lo, o) (09
_ i(gt — he()) Ry (ye — hu(z))

N i(l} = froa (oo, ue-1)) Qe — fror(wemr, up-1))

— i(mt_l — &1) "B (2 — 1)

subject to Tjy1 = fj(l’j, Uj), t < j < T,
By definition of the MAP [171], this can be written:

min  max Ly(ug, ..., ug_1) — — log(p(zy, Te—1|yt))
Ut:t+H—1 Tt—1,T¢ ,u

subject to  xj11 = fi(z;,u;), t<j<T. (6.10)

Problem (6.10) is intractable in the general case. However, by taking the concave-
convex assumption, the minimization and maximization can be interchanged ac-

cording to the minimax theorem. Consequently, the problem is equivalent to:

max log(p(xi—1, z¢|yr)) + uVi(zy), (6.11)

Tt—1,Tt

where V; is the value function of the OCP:

Vi(zy) = min Li(ug, ..., ug—1) (6.12)

Ut:t+H—1

Note that in the simplification from Eq. (5.1) to Eq. (6.7), it is not necessary to

disregard future uncertainties as the value function could be the one resulting from
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minimax DDP [134]. If x4 = 0, we will obtain the unbiased estimate of Kalman

filtering and the estimate will be independent of the control objective. Otherwise,
if g > 0, the term pV (x;) will bias the estimate towards regions with a higher value
function, which in turn will force the controller to be more conservative.

We now take a Gauss-Newton step on the objective of Eq. (6.11) around the
prior: ;1 and T, = fi_1(Z4—1,us—1). Vi(z) is independent of z;_i; therefore, as

shown in the appendix, the maximization over x;_; can be simplified to:

1
max — é(xt — .f:t)TPtil(iL’t — it) (613)

Tt

1
+ M§($t — 2) TV (@ — 2) + g — 7))

where Z; and P, are defined as in Eq. (6.6) and (6.4). where V;** (respectively vf)

is the Hessian (respectively the gradient) of the value function.

Proof. By taking a quadratic approximation of the value function, the Gauss-

Newton step can be written as:

maxmax  u(z, — &) Vi (@ — ) + 20w — 2) T 0f
Tt—1 Tt

— (Ay — HAz)" Ry Y(Ay — HAny) — Azl (Pt Axy

— (A.Tt — Ft,1A$t,1)TQ;1(AZ't — Ft,let,l)) (614)

where Ay =y, — h(2y), Axyy = x4 — &1, Axy = ; — 4. It can then be found
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that z;_; = Q'G, where:

Q=P +FLQ ' Fr (6.15)

—P e — FL Q7 (2 — 2) — FLQ) ' Froad

q
by using the Woodbury lemma [171], it can be shown that:

max ,Ui(xt — ) "V (= Ty) + pule — )T 0f

1 1 _
— 5(Ay — HAz)" RN (Ay — HiAzy) — iAxtT P A,

where P, is defined as in (6.2). Finally, using P, = (HI'R,'H, + P! =
(I — K,H,)P,, we can show that:

Ty — ft)TV;tm(-’ﬂt — &) + pwy — fi’t)TUtx

1
max ,U§

(
1 N AT p—1 . A
= 5@ = &= fu) P (@ — 30— fu) (6.16)

where P, fi; are defined as in (6.4), (6.5).
[

Those are typically provided by optimal control algorithms such as DDP. In

the end, the solution on the maximization over z; is:
BB = &+ (1= pPVE) " (i + pPot) (6.17)

Interestingly, if ;1 = 0, we recover the EKF. This was to be expected as, when p

tends to zero, the solution of problem (5.1) is exactly the solution of the neutral
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case where estimation and control are solved independently [186]. Otherwise,

the estimate is shifted towards regions with higher cost values. Importantly, the
magnitude of the shift depends on P, the covariance matrix of the estimation.
Note that p cannot be arbitrarily large as (I — P 1V/%4) needs to be positive
definite. Larger values of u would make the min-max problem defined in Eq. (5.1)
ill-posed. More details on this limit value can be found in [186]. In the end, the
estimate is shifted towards Py, i.e. towards a region with a larger cost function,
and the magnitude of this shift is increased in the direction corresponding to large
eigenvalues of P, V™*.

We obtained the solution to the maximization problem (6.10). Therefore, the
cost function can now be minimized with respect to the control inputs by taking
21 as an initial condition of the optimal control problem, which can be solved, for
example, with DDP.

Algorithm 5 summarizes the estimation procedure. It can then be used to do
output-feedback MPC efficiently. At each time step, given a measurement, past
control input, and a quadratic approximation of the value function, a risk-sensitive
estimate can be computed. This estimate is then used to minimize the cost function
for MPC and the first control input is applied to the real system. Lastly, the

quadratic approximation of the value function at ¢t 4 1 is saved as it will be used at

the next estimation step.

6.3 Experiments

This section presents simulation and real robot experiments to illustrate the
benefits of the proposed algorithm and demonstrate its applicability to real problems.

We study three test problems where we deploy the RS-EKF inside an MPC loop: a
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Algorithm 5: Risk Sensitive EKF

Input: Ty 1, us1,ys, Pro1, Qt, By, Vi, vy

/* Predict */
1 P+ Qu+ F, P FEy
2 Ty f(Z1,w-1)

/* Classical Update */
3 K; + PthT(Rt + HtPtH%)’l
4 P+ (I - Kth)Pt
5 [y Ke(ye — he(7y))

/* Value function bias */
6 Do, = (I — pP V)~ (i + pboy)
7 285 « 7, + pe,

Output: 27 P,

planar quadrotor with a load estimation task where we demonstrate qualitatively
that the RS-EKF can bring conservatism appropriately in phases of high uncertainty,
a push-recovery experiment on a 7-dof industrial manipulator on which we perform a
quantitative study and lastly, an external force estimation task on a real quadruped
robot to showcase the viability of the method on real systems. In each experiment,
we use the DDP implementation provided by Crocoddyl [120] to solve the optimal

control problem given the filter estimate. All the code is available online?.

6.3.1 Planar quadrotor

In this first scenario, we consider a planar quadrotor executing a load-carrying
task. The goal is to move the quadrotor from position (p,, p,) = (0,0) to position
(1,0) while carrying a load during the first half of the itinerary. The robot mass

is 2 kg and the mass of the load, which is unknown a priori, is 3kg. The system

2https ://github.com/machines-in-motion/risk-sensitive-EKF


https://github.com/machines-in-motion/risk-sensitive-EKF
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dynamics is:

mp, = —(uy + usg) sin(6),
mpy = (u1 + uz) cos(0) —my,

mdf = r(uy — us), (6.18)

where m is the mass of the robot, d the distance between the rotors, # the orientation
of the quadrotor. u; and wuy are the control inputs representing the force applied at
each rotor.

In this experiment, we want to estimate online the mass parameter that changes
in the middle of the flying phase. As it is standard in parameter identification
[179], we augment the system’s state with the unknown parameter and let it be
estimated recursively by the filter (EKTF or RS-EKF). The state of the system is
thus: © = (m p, 0 Dr Py 0 m> and it is assumed that m = 0 up to some
random Gaussian noise. The dynamics are integrated with an Euler scheme and
a time step of 0.05. We consider that Py = 107%I;, R = 107%I3, and Q isa 7 x 7
diagonal matrix where all terms are equal to 10™* except the last one that we
set to 2 to represent the uncertainty in the changes of the load. Lastly, we set

=4 x1073. A stationary cost function of the following form is considered:

() = on (Ipe = P21 + lIpy — 9y II7) + 2|0

o ag (1192 + 5y I + 1612) + culju - ] (6.19)

T
where u = (%, %) and where: a; = 100, as = 10, a3 = 0.01 and ay = 0.1. We

consider a horizon of 20 nodes and re-plan at each new measurement, i.e. every
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T

0.05s. Furthermore, we only measure: y = <pw Dy 9) to illustrate the estimator

capabilities. We simulate 4s with both output-feedback MPC controllers: the first

one relying on the standard EKF estimate and the second one relying on the
RS-EKF estimate.

Figure 6.1 shows the real mass variation and the estimates of both methods.

It can be seen that the RS-EKF is more reactive when the load is added or

dropped. The RS-EKF estimate spikes in the phases of uncertainty, which adds

some robustness. Those spikes can be explained by the fact that the uncertainty

increases on the components of the state that are important in the cost function.

In other words, some of the eigenvalues of P,V,** become larger in the phases of

uncertainty, which augments the shift on the estimate as shown in Equation (6.17).

5 ;': """"""""""" —— Ground truth
L --- RS-EKF estimate
Al --- EKF estimate
— 1 \
23 \
1
€ N
2 '” ,' ,/
‘\\\'/
1 s
Y
1)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time [s]

Figure 6.1: Mass estimation for both EKF and RS-EKF.

Figure 6.2 depicts the trajectory in space for both methods. It can be seen that
the controller relying on the risk-sensitive estimate is more reactive. To evaluate
both controllers, we compute the average Mean Square Error (MSE) relative to
the reference trajectory. The MSE of RS-EKF is 0.0011, and the one of EKF is

0.0024. Hence, in that situation, the risk sensitivity brings a 54% improvement
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in tracking. Furthermore, the average cost along the trajectory is equal to 0.0569

for the RS-EKF-based controller, while it is equal to 0.0880 for the EKF-based
controller, yielding a 35% improvement. This illustrates how a filter informed of

the cost objective can improve the controller’s performance.

—— RS-EKF
—— EKF
—-— reference
E
N
Q.
0.0 0.2 0.4 0.6 0.8 1.0

px [m]

Figure 6.2: Quadrotor trajectory for both the EKF-MPC and the RS-EKF-MPC.

As it can be seen in both Figures 6.1 and 6.2, RS-EKF introduces a steady-state
error. This is because the estimation uncertainty never goes to zero due to the
nonzero diagonal term of the matrices () and R. Intuitively, it makes sense that
the controller that plans for the worst is slightly sub-optimal in the phase with no
environment perturbation uncertainty. The risk-sensitive filter demonstrates its
benefits when there are perturbations in the environment as this corresponds to
phases where the most likely estimate might be far from reality. In the end, this
example illustrates the advantages of having a risk-sensitive controller which is

conservative only in phases with large environmental perturbations.

6.3.2 Kuka robot

In this example, we consider the 7-DoF torque-controlled KUKA LWR iiwa

R&820 14. The 14-dimensional state is composed of the joint positions and velocities.
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The control input is a 7-dimensional vector of the torque applied on each joint. The

continuous dynamics and its analytical derivatives are provided by Pinocchio [34].
The goal is to track a reference trajectory with the end effector. To do so, we

consider the following cost:

U, ug) = 1072z — Z[|3 4+ 107wy — () |3
+ 10| — Bl |13 (6.20)

br(wr) = 10%]|p7™ — plaw) |3 + 1072 [lax — 213,

Z, the initial state, is used for the state regularization and ;S the concatenation of
the initial configuration <()-1 07 0 -1 —0.5 1.5 0) and a 7-dimensional
zero vector corresponding to the velocity. u(zy) is the gravity compensation term
given by the rigid body dynamics. p(zx) is the end-effector position obtained
through forward kinematics. p;"**" is defined such that the end effector follows
trajectories forming a circle in the xy plane. We use a horizon of 20 collocation
points with an integration step of 0.05s and re-plan at 500 Hz.

In this experiment, we aim to showcase that the risk-sensitive filter can bring
conservatism on phases with large perturbations from the environment, which we
simulate with large forces applied on the end effector. For the measurement model,
we assume that all the states are observed with high accuracy; therefore, we set
R = Py =10"°I,4,. However, to model the disturbances in the dynamics, we set
Q = 107t1y4. Finally, we consider u = 7.5 x 10%.

Figure 6.3 depicts the end effector trajectory for both controllers and their
respective estimates. From time 1s to 2s, an external force of norm 80 is applied

on the end-effector on the x and z direction. Both controllers are pushed away
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Unexpected push

—— EKF measurement
------ EKF estimate
—— RS-EKF measurement ,

------ RS-EKF estimate

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time [s]

Figure 6.3: End effector trajectory on a tracking task for both the EKF-MPC and
the RS-EKF-MPC. An unexpected force is applied between 1s and 2s.

from the reference trajectory. However, the risk-sensitive estimate overestimates
the distance between the reference and the end-effector. Consequently, the robot is
more aggressive in its response, and the end-effector remains closer to the reference.
This illustrates how taking a pessimistic estimate with respect to the cost improves
the running cost. Note that both estimates are originally state estimates but are
mapped to end effector space through the forward kinematics to draw Figure 6.3.
The fact that those estimates are pessimistic with respect to the task originally
defined in end effector space illustrates well how the method can handle nonlinear
dynamics and cost functions.

To validate the consistency of the filter, 10,000 experiments are performed
with random external forces. The timing and direction of the forces are uniformly

sampled while the duration is fixed to 1s and the norm is fixed to 80. Figure 6.4
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Figure 6.4: Median MSE on the tracking over 10,000 experiments with random
external disturbances. The envelope represents the 25th and 75th percentiles.

shows the median end effector error trajectory. On average, we obtain a 32%
improvement in the MSE. Furthermore, the mean cost is 22% lower with the

risk-sensitive filter.

6.3.3 Load estimation on a quadruped robot

In this experiment, we deploy the RS-EKF on a real 12-degree-of-freedom,
torque-controlled quadruped robot - Solo12 [75]. We demonstrate the superior
performance of the RS-EKF in estimating wrenches applied on Solo12 while it is
standing. We generate the standing behavior on Solo12 using a non-linear MPC
scheme. At each control cycle, we minimize a cost function using a centroidal
model to compute the optimal forces and trajectory that keep the robot’s base

at a desired height and orientation. Additionally, we use an augmented state to
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Figure 6.5: Comparison of both methods after an external force of 20N is applied
by pulling the robot vertically. The vertical line indicates the moment when the
robot is dropped. The top sub-figure overlays the trajectory of both the EKF in
blue and RS-EKF in solid. The RS-EKF-based controller is more reactive to the

perturbation and returns to the reference sooner.
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estimate external forces-torques applied to the robot [154]:

1
— 6.21
c=— (6.21)
. Mc
[=mg+Y F+Fu (6.22)
=1
. MC
k= z:(pZ —¢) X Fy 4 Text (6.23)
=1
Foi =0, Foxe =0 (6.24)

where m denotes the mass, M. the number of end effectors in contact. TEaCh Di
represents a contact location. Here, the state is x = <c | k Fou Text> which
includes the Center of Mass (¢), linear momentum (I), Angular MomentumT (k)
and External Force-torques (Fexi, Text). The measurement is y = <c l k) up
to some noise. A motion capture system measures the base position, velocity, and
orientation, and an IMU gives the orientation velocity. Joint encodings are provided,
and their velocities are derived with finite differences. Then, given ¢, ¢, we can
compute ¢, , k with Pinocchio [32, 34] and can then be used as a measurement by
the centroidal-based filter. .

The control input, u = ( ... FMC> , is a M. x 3 dimensional vector,
representing the force applied at each end effector. For this experiment, the robot

is standing; therefore, M. = 4. The cost function for the OCP is:

li(m,u) = (v — ) Hy(x — %) + (u — u*) Hy(u — u*)

M.
+ 105 Z gbarrier (u?n)

i=1

lr(z) = (z — )" Hy(x — %) (6.25)
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where H, = BlockDiag(10%I3,101ls) and H, is a diagonal matrix where the diagonal

terms are made of M, times the following sequence (107,107, 107%). Lastly,

u? if u<0
gbarrier(u) = 0 Hf0<u<10 (626)
(w—10)*  ifu>10

Here, z* is designed to keep a constant height above the ground and to keep the
base horizontal, u* is the gravity compensation. The reference desired angular
momentum for the OCP is adapted to bring the base back to a horizontal position.
We do this by computing k* = %logg(RthTes), where R, is the current base rotation
matrix, Rges the rotation matrix corresponding to the quaternion g4 = [0, 0,0, 1]
and T the horizon length. The logs is a mapping from SFE(3) to se(3). The nominal
angular momentum aims to bring the base back to the desired orientation over the
time horizon [129]. The pamier 1S @ quadratic barrier function that creates a soft
constraint on the maximum forces the robot can apply on the ground.

We solve this OCP at 100 Hz using Croccodyl [120] and then track the desired
forces using a task space impedance dynamics QP [81] that we solve at 1kHz

using [10].

) 1
min - o If — F|? (6.27)

f7T7a

subject to Ma+g=J'f + ST7 4+ ST friction

Ja = —Jg,

where J is the robot contact Jacobian, M is the mass matrix, S is the selection

matrix that projects on the actuated joints, and g is the robot gravity vector at the
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current time step. The static friction in each joint was estimated independently and

is approximately equal to 0.07. However, to keep a continuous model, we consider
friction = —0.07% arctan (25¢). The two constraints ensure dynamics satisfaction
and model that the end effectors do not move. We update our state estimate (in-
cluding the external force torque) using the RS-EKF at 200 Hz with u = 6. We also
use the EKF in place of the RS-EKF to compare the performance of a risk-sensitive
filter while keeping the update frequency the same. For both filters, we consider
the following parameters: Py, = @ = BlockDiag(107315, 107413, 107 I3, 1072 13)
R = BlockDiag(107*13, 107213, 10~ 13).

The first experiment ran on the robot is shown in Fig. 6.5. Here, the base
of Solo12 is pulled up (in the z direction) until an external estimate of 20N is
computed by both the filters (shown in bottom sub-figure 6.5 at time 1.4s with a
vertical line). The base is then released to let Solo12 recover and bring its base back
to the nominal desired height. The top sub-figure in Fig 6.5 shows an overlayed
pictorial comparison of Solo12 when the two filters (RS-EKF and EKF) are used
on the robot. Each frame corresponds to the state of Solo12 at the same time. The
opaque Solo12 image shows the state with RS-EKF, and the blue one shows the
EKF. This experiment shows that the RS-EKF helps the OCP to react quicker and
bring the base to the nominal location sooner. This happens because the RS-EKF
underestimates the base height in z as compared to EKF, which makes the OCP
generate higher ground reaction forces to bring the base up sooner. In the end,
both filters estimate similar external forces. As it can be seen in Fig. 6.5, the
external vertical force does not converge exactly to zero. We find experimentally
that this estimated force is due to friction. Lastly, as it can be seen, the cost of the

RS-EKF-based controller is lower after the robot is dropped. The average cost of
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the RS-EKF is 0.065 while the one of the EKF is 0.130, which corresponds to a

50% improvement. This demonstrates how a filter aware of the cost objective can
improve the overall performance.

In order to get a more systematic comparison between the filters and get rid
of the human error, we perform two additional experiments where the filters are
initialized with exactly the same priors. First, we initialize both the filters with
a wrong prior on the external vertical force of 20 N, while in reality, no force is
applied on the robot. This experiment creates an identical situation as the previous
experiment while also ensuring the very same initial conditions for the robot. The
results are shown in Fig 6.6, where the RS-EKF still performs better. Also, the
performance is similar to the first experiment. In that experiment, we obtain a

62.9% improvement in the average cost.

0.00
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Figure 6.6: Comparison of the RS-EKF and EKF when initialized with a wrong
prior of 20N on the estimated vertical external force.

Finally, we replicate the previous experiment but now, initialize the filters with

a wrong prior of —10 N on the external force, while, in fact, there is no force on
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the robot. The RS-EKF reacts sooner than EKF once again. It brings the base of

Solo12 back to the desired location sooner than EKF, as can be seen in Fig6.7. In

that experiment, we obtain a 58.9% improvement in the average cost.
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Figure 6.7: Comparison of the RS-EKF and EKF when initialized with a wrong
prior of —10 N on the estimated vertical external force.

6.4 Conclusion

To conclude, we have introduced a risk-sensitive variation of the EKF based on
the zero-sum game introduced by Whittle [186]. The filter biases estimates towards
high regions of the control cost which result in more robust controllers. Furthermore,
the complexity of this filter is similar to the EKF. Lastly, we have demonstrated on
several robotics problems, both in simulation and on real hardware, the benefits of
this filter for output-feedback MPC. Importantly, we have shown that the proposed
filter makes the controller more conservative in phases of high uncertainty leading

to better overall control performance.
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Chapter 7

Conclusion

In this thesis, we investigated how to fully leverage the promises of MPC on
torque-controlled robots.

Part I focused on state-feedback MPC and proposed several contributions to
obtain safe and globally optimal plans. In Chapter 2, we showed that standard
optimization techniques can already push the limits of closed-loop MPC for torque-
controlled robots. By including hard constraints in the MPC, we are now able to
ensure safety. In Chapter 3, we introduced a way to overcome the local behavior of
MPC by combining constrained TO with RL by using a learned value function as a
terminal cost of the MPC. Chapter 4 introduced how to perform force feedback in
Model Predictive Control in order to interact accurately with their environment. Our
experimental results show that current optimization-based control and estimation
techniques are sufficient to incorporate force sensors in model-predictive controllers.

Part IT investigated how to endow Model Predictive Control with the perception
uncertainty information. In Chapters 5 and 6, we introduced efficient numerical

methods to perform risk-sensitive output feedback Model Predictive Control. While
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the studied formulations were already well established in the control community, we

showed how to implement them efficiently in order to enable them at the frequency
required for torque control robots. To the best of our knowledge, we provided the
first demonstration on a real robot that a risk-sensitive controller can outperform a
neutral controller.

In summary, we presented several contributions to overcome the current limi-
tations of MPC on torque controlled robots. Specifically, we proposed to endow
MPC with safety, global reasoning, force-feedback, and perception uncertainty
information.

While the presented contributions can be used to design controllers that reason
online about novel situations despite perception uncertainty, one could argue that
some work remains to be done to deploy robots in complex environments such
as the construction sites depicted in Figure 1.1. Clearly, a robot would require
more sensory information to navigate such settings. While we have investigated
the use of force-feedback in Chapter 4, it should ideally be used in combination
with vision. Furthermore, while Chapter 3 studied how to obtain a global solution
using offline reasoning, it would be interesting to further investigate how to solve
global optimization problems online. Finally, even though it is crucial to have the
ability to solve complex nonlinear optimization problems online to adapt to new
situations, this can be a waste of computational resources in known situations. For
known settings, a policy could be used. The recent successes of RL [22, 168] in
locomotion [1, 84] and manipulation [37, 79] demonstrated that a controller based
on neural networks can achieve impressive results. Ideally, a robot should know how
to transition from offline to online reasoning when it encounters a novel situation.

Automatizing this transition appears as an open problem.



Appendix A

Stagewise Implementations of

Sequential Quadratic

Programming for

Model-Predictive Control

Let’s consider the following Quadratic Program:

. T
T-1
' T Qr Skl |7k Qk
min  2-Qrar + T0qr + Z "
T1:7,U0:T—1 k=0 | Up Sg Rk U, Tk

subject to xo =0,

Tp1 = Apxp + Brug + Vi1, 0<k<T.
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(A.1)
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The associated Lagrangian has the following form:

L(z1.7, Uor—1, Mor) =00Qrdr + Thar

T T
T-1
Ty Qr Sk| |k qk T,
+ +
k=0 | U Sg Ry, Uk L U,
- )‘Z+1(xk+1 — Apxy, — Brug — Y1) (A.2)

The KKT condition can be written as a set of linear equations:

Qrrr +qr = Ar (A.3)
Qrar + Skur + g + Af Mer1 = Mi vk <1 (A4)
Ry + St ayp + 1 + Bi gy =0 Vk<T (A.5)
Tpr1 = Arp + Brug + Yeg1- (A.6)

Proposition 7. The KKT conditions can be written as a block tri-diagonal sym-

metric matriz equation. More precisely:

r, M’ o o0 - 0f]|™ 91
My Ty MI 0 - 0] 92
0 My Ty M - 0| %% (A7)
0 0 My Ty - 0|5 9a
o 0 0 0 . T
B ] ST gr

where:



and

Proof. We find that:

e For k=1 as g =0:

F1$1 + M1TSQ =

e Forl<k<T:
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0 —BT ] 0 ST 0
Qu I |, Mq=1(0 0 0
1 0 0 —Ax O
Uk—1 —Tk—1
se= | a, |, 9= | —q (A.8)
— Ak | Vi
-Rouo + BEX, 0
Qiz1— A | T [Siur + AT
—Boug + 21 0
[ Rouo + 57w + BIN o
Qir1 — A+ Siun + AT o | = | —aq (A.9)
—Aoxo — Bouo + 71 git




147

My—185—1 + Tpsp + M sp1 =

S,z_lxk_l Rk_luk_l + Bg_l)\k 0
0 + Qrrr — Ak + | Skug + AF Np i1
— A 1T —Bi_1up—1 + 0
—Tk—1
= —q = gk (Al())
Yk
o Fork="1T:
St @ Rr_qup—1 + Bi_ Ar —T7-1
Myp_1sp—1 +Tpsp = 0 + Qraxr — A\p = | —qr | =9r
—Ar_ 17 —Br_up_1 + a7 YT
(A.11)
O

Proposition 8. By applying Thomas algorithm, we recover the well-known Riccati
recursions. Specifically, the backward pass can be done by initializing Vi = Qr

and vr = qr, and then by applying the following equations:

hi =11, + B;f(vkﬂ + Vit17k+1) (A.12)

Hy = Ry, + B}V 1By ky = —H, 'hy
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Vi = Qr + AL Vi Ay, — KL Hi K, (A.13)

v = qp + K i+ (Ap + K Br) ' (v + Vip1Yes1)

Then, the forward pass initializes Axyg = 0 and unrolls the linearized dynamics:

Axpi = (Ak + BkKk)A.I‘k + Brkr + Va1 (A14)

Proof. For this proof, we will extensively use the following lemma:

Lemma A.0.1.
- -1
R, 0 -BF
0 Vi1 I =
-By I 0
Hl;:l Hl;-:lBlz _Hl;j1Biz‘/l€+l
Bka_J:I Bka_JilBlz I— Bka_J:lBkTVkH
_—Vk+lBka_J:1 I — Vi1 BeH L B —Viee (I — ByH ! BF Vi)
00 0 H 0 0 I BF —BI'Vi,
=100 I |+| 0 BuH, 0 I BFY —-BlI'Vi,
0 I —Vip 0 0 ~VimBeH L | [T BF —Bf'Vi

where Hy, = Ry + B} Viy1 By

Thomas algorithm uses a forward recursion in order to find a equivalent linear



system of the form:

I 0
I VIR

0 I3'M,

0 0

0 0

o] |
of |
of |
0 Sq
1|,

Then, a forward recursion recovers the sequence: sq,---

ized in the following way:
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g1
g2

_ | (A.17)

s7. This can be formal-

Algorithm 6: Thomas algorithm

1 fT —I'r
- ~1
2 gr < I'pgr
/* backward pass */
gfork«1toT—1do
a | TpTp— MIT M,
5 | gk Dl (g — M{grar)
/* forward pass */
6 S1 < (g1
7 for k<1 toT—l_do
8 L Skt = Gha1 — Loty Misy
Let’s now show by recursion that:
R,y 0 —-BI',
[y = 0o Vi I (A.18)
—Br_1 1 0
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and that:

ae=T¢" | —u, (A.19)

Backward pass:
o k=T
As Vi = Q7 and vy = qr by definition, the property is true for k =T

e If the property is true for k + 1,

Ty =Ty — MIT; 1 M, (A.20)

—Br1 1 0

Ry.y 0 —BY,

00 0 R, 0 =BTl |o S 0
— 1S, 0 AT | 0 Vip I 0 0 0
00 0 ||-B I 0 0 —A, 0

Rp.i 0 —BT

=1 0 W I

—Bra I 0
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where

Vi = Qr + AL Vi1 Ak — SeH L (S) + B Vi1 Ar) (A.21)
— A Vi BRH L (S + By Vi1 Ar)

= Qr + AL Vi1 Ax — (Sk + AL Vi1 Br) (Ry, + B Viey1 Bi) ' (S] + B Vi1 Ax)



then, we have:

Crgr — g1 = — M} G

0 0 O
_Ag

Tk

Sk 0 I

Vk+1

0 —Vk+1

0 0 0 0

=}

0 0 I

0 I -V

0

Bka_—:l 0

0 ~Vir1 BeHi

0 O 0

0 —AT ATV,
0

0 0

0 0 0

+ |SeH L 0 AV BeHL

0 0 0
0
- —Af vk — AL Ve Ve
0
0 0 0

+ |SeH L 0 AlViBeHY

0 0 0
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I Bl —BlVi, Tk
I BFY —-Bl'vV,.., Uk+1
1 Bk:T _BlgTVkH —Vk+1

I BY —-BI'v,.., Tk

I B;;F —B;ZVICH Vk+1

I B;{ —B;rkaﬂ —Vk+1

T + Bi g1 + Bi Vi
T + Bivgt1 + B Vi1 i

e + B vgs1 + B Vi1 e



153

and we get:

O = g + AL (V1 + Vier1Ver1)
— (Sk + AL Vi1 Bi) Hy )y (rk + Bl vesr + By Vi1 i)
= gk + Ap (Vks1 + Vi vier1) + KL (s + B vger + By Vi Ve 1)

= qp + Kj'ri, + (A + BrKgp)" (Vi1 + Vir1 V1) (A.22)

Hence, the property is also true for k.

Forward pass:

o k=1:

S1 = §1 (A23)

implies that:



Uo —To
1| T ffl —U1
A g
_0 0 0 Hit
= 00 I |+]O0
01 -V 0
_ 0 Hy?
- M1 -1 0
| U1~ Vim 0
- N
= Boko +m
_—‘/130160 - Vit —n
Hence, \y = —Viz; — vy
o k>1:
Then:
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0 0 1 Bg —BOTV1 —T0
ByH, 0 I B —-BI'wv -
0 -WiBH{'| |I Bf —B{Vi "
0 0 ro + By (v1 + Vi)
BoHy'* 0 ro + Bi (v1 + Vim)
0 =VABoH{'| |ro+ Bg (v + Vim)
(A.24)
S = gk — Fllek—lsk—l (A25)



implies that:

Uy —Tk
Tra1 :fl;il( —Vkt1 Mysy,)
Net1 Vi1
00 0
=110 0 I
0 I —Vip
H L 0 0 I BY —BlVin
+1 0 BHZY 0 I BfY —BlVi.
0 0 ~VenBeH, L | |I BF —BlVig
ki + Kipxy

Vi1 ((Ax + BeKy)xi, + Biki, + Yis1) + Uk

and we get:

M+l = Vi1 T + Ve
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—Tr — Sgl’k
—Uk+1

Vier1 + Apy

(A.26)

(A.27)
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Appendix B

Stagewise Newton Method for
Dynamic Game Control with

Imperfect State Observation

B.1 Problem statement

Given a sequence of measurements ¥y, a sequence of control inputs wug;_1, and
a prior on the initial state zy, we study the following minimization-maximization

problem:

T-1
min maxmaXZEj(a:j,uj) + lr(xr) (B.1)

Ut:T—1 Wo:T Y1t -
7=0

t T
1 _ _ _
o (4 3 YT,
j=1 j=1
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subject to the constraints: To = T + wo, (B.2a)
Tin = fi(wju5) Fwi,  0<j<T, (B.2Db)

y; = hy(x;) + 7, l<j<t (B2

where p > 0. z; is the state, w; the process disturbance, v; the measurement
disturbance, T' the time horizon, ¢ the current time. f;, the transition model,
h;j, measurement model and ¢;, the controller’s cost are assumed to be C*. R;
the measurement uncertainty, (), the process uncertainty and P the initial state
uncertainty are positive semi-definite matrices. Instead of searching for a global

solution, we search for a stationary point of the following unconstrained cost.

T-1
J(xO:Taut:T—l) = gj(l‘]au]) +£T(IT)
7=0
1 . _ .
— ﬂ(mo — .1'0) P (I’Q — fﬂo)
1 t
~ o (y; — hy(z)) Ry (y; — hy(x))
j=1
T-1

1
~ o (Tj41 — fj(xjvuj))TQj_Jil(xj-i-l — fi(@j,uy))
=0
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B.2 Characterization of the Newton step

Let’s consider a step

o
p=1| "1, (B.3)

put:T—l

we know that the Newton step p satisfies:

Hp=-VJ, (B.4)

where

0*J 0*J
H— axoggjxo:gp 8m01%g1}t¢_1 (B.5)
Oup.p—10xg.r  Oupp—10UpT—1
and
aJ

vJ= | %%or (B.6)

aut:Tfl
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And we use the following notation for the Hessian:

[ 0%J 9%J - 9?J ]
0xd  Oxg 01y dxo Oy
0%J o*T o 0%J
92J _ Oxq Oxy Or? Oxy Oz B.7)
a%:T@ﬂUo:T
pi 1
| Oz Oxg Oz Oy dx2.

Note that: afjaé - € R™*"= and ajjai - € R™ > To simplify the derivations,

we define the gaps:

W1 = Tpr1 — frl@r, ug) (B.9)
wo = Tog — To (B.10)

In the rest of this section, we show how to derive the Newton step sequentially,
namely without inverting the Hessian matrix. To do so, let’s retrieve the analytical
expression of the gradient and Hessian of J. We assume that t < T, otherwise,
there is no control input. However, we note that if ¢t = T', the past stress recursion
could be derived similarly. First, we derive the gradient with respect to every state

variable and every control inputs:

e k=0

o0J e 1 2T e
—(370:T,Ut:T—1) = fg—,u 'p 1w0+M ! oTQ1 1wl

8:50
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o V1I<Ek<t-—-1,

o0J e T e
a_m(xozTaut:TA) = b —p ' Q wp + lfkTQk—fl—lwarl + R R

o k=1t

oJ PN 1 pmT e 2T e
%(ifo:'r,ut:ir—l) = 0 — Qw4 1 T QR w4 Lisap T BT R
t

o Vi+1<k<T-1,

g_;k(ﬂ?o:% upr—1) = b — p Qy tw + T Qr Wi
o k=T
%(%;T,Ut@—l) = (7 — ' Qp wr
and
VE<k<T-—1, %(Ut;T,xO:T) = G+ QR ik

Next, we derive each term of the Hessian. All the terms that are not equal to

zero are of the form:
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G = p P = QU p T e k=0
e — u—lQ};l — ]?TQ’;lle + ot I?ITQ];ilwkH
0%J R S
OrndTe —p T g Ry R A+ R Ry 1<k<t
Eix _ lulelzl . H}fl kxTQ’;ilf]g: + qul chmTQ];Jilwa,-l te k< T
[ G -0 k=T
0%J L
T L B.11
axk+18$k K Qk+1fk ( )
0%J | T .
e an. M S @ B.12
0xj_10x, a fk_le ( )
0%J Lo 1
G g = M S @ B.13
8uk_181:k a fk_le ( )
32J UL —1 puT H—1 €T -1 T -1 Uz
OurdTy O = fi Qe fie T 07w Qi fi (B.14)
82(] U —1 p2T H—1 u -1 T ~—1 U
o, = 0 T Qe fi i o Qe (B.15)
0%J 1
=1 Qeali B.16
Oxp 10Uy 1 Qe fr ( )
62J U -1 puT -1 pu ~-1 TA—1 ruu
8uk8uk - ék K k QkJrlfk T Wht Qk+1fk (Bl?)

uzx ; T -1 fuzx ; ; ;
where f¢'* is a tensor and wy @, f¢'* is a matrix. More precisely,

O*(fi)i

( u:c) =
S ou;0xy,

(B.18)
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where (fy); is the | component of fx. And, the product is defined as follows:

(Wi " Qs fi%)is = (1 )iga(Qp by Wit ) (B.19)

=1

To simplify, let’s denote for all k£ < T"

)xr __ prT -1 TN—1 rxx -1 T npn—11zx
wo =00+ wen Qi i+ 1T ey Ry by
T Y ) —1 TH—1 U
wo =07 =0+ wen” Qi fi

O = G+ T o Qi fi (B.20)



Therefore, Equation (B.5) is equivalent to:

e Ifk=0andift > 1:

. B )
a$08$0px0 8:608@%1 N axo
e Vik=1,....,t—1
0% LS o
8:vk8xk,1px’“*1 axkaxkpxk 8$ka$k+1pxk+l N oxy,
o k=1t
A Y R ) )
axtaxt_lmel =1 8[Etaxtpmt a$ta$t+1pmt+1 6xt6utput B 8l't

e Vk=t+1,...,T—1:

0*J N 9?J N 9?J N 0*J
8xk8xk_1px’“’1 3xk8xkpx’“ axk@$k+1pmk+l aZL‘kauk_lpuki1
L0

c%k@ukp"’“ n _8_a:k

0*J PG 9
8xT8xT_1pIT‘1 &cTamTpr 8:UT8uT_1p“T‘1 n 81’T

e Vk=t ..., T—1

0*J 0*J 0*J oJ

auka[ka k 8uk8xk+1p k1 Gukﬁukp . 8uk
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(B.21)

(B.22)

(B.23)

(B.24)

(B.25)

(B.26)
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B.3 Future stress

In this section, we derive the recursion for the future stress:

e From (B.24),Vk=t+1,...,T —1:

:UlilQl;lkaflpxk,l

+ (G = 171 = 1 T QUL P
-1 p2T -1

+ 1% k Qk‘-ﬁ-lpkaA
-1 -1 ru

+ lu Qk; fk—lpuk,1
)TU —1 paT n— U

+ (gk — K ! k Q]Hl.lfk)puk

0 i Q w + T Q w = 0 (B.27)

e From (B.25), for k =T

QR fE Py + (67 — 0 Q7Y) pap + 1 QA Pur

+ 0 — Qi wr = 0 (B.28)

e From (B.26),Vk=t¢,...,T —1:

UL — uT — x - uT -
(G = 1 i Qua fi) Py + 17 i Qiia P

+ (G = QR ) Puy + G4 T T Qw1 = 0 (B.29)
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We define

Vi=t,....T =1 Xey1:=p ' Quty Doy — fiPar — fiPup +wiera)  (B.30)
and find that (B.27), (B.29) and (B.28) can be written:

Vik=t+1...T =1 0py + ("D + 65+ [T N1 = M (B.31)

Vi=t...T—1 0, + 0"y, + 08+ T N1 =0 (B.32)

Proposition 9.

k=t T =1, Vipe + 0k = 0Py + G"Puy + G+ [T M

Vipar +vr = Ar (B.34)
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where Vi, and vy are solutions of the backward recursion:

Pipr =1 — pVi1Qpa (B.35)
Quu = 0" + [T Vi [
Que = 07 + [T Vi fY

Qu =L + [ Tity (Uks1 — Vi1 Wi

G = ~Qu Que

gk = = Q. Qu

Vi = 67 4 [ T Ve fi) + QuuGi

o =0+ [T (O — Viriwis) + QLagn
with the terminal condition:

Vi = 6

vp =07 (B.36)
Furthermore,

Papsr = (L — 1Qki1Vier1) " (fiDuy + [iDus, + HQpy1Vks1 — Whs1)

Puy, = GDay + Gk (B.37)
Proof. Clearly:

Vr = 63

vy = 6, (B.38)
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Let t <k <T—1. Assuming the property is true at k+1, then, from (B.31) and

(B.33), we must have A\yy1 = Viy1ps,., + Vkr1. Now, let’s show that the property
also holds for the index k. From (B.30), we have:

Vk+1p$k+1 + Uk+1 - M_IQ];J,I-]_ (p$k+1 - fk:fpil‘k - f}?puk + wk+1)

(I = pQr+1Vies1) Pay s = fiPap + [iPuy + 1Qug1Vk1 — Wi (B.39)

We define Ty == (I — Vi 1Qrsr) " and find that:

et = Vier (T = pQu1 Vi) ™ (FiPay + FiPuy + HQps1Vhi1 — Whi1) + Vi
=Tl Viert (fEpay + fiiPuy + BQt1Vkt1 — Wh1) + Vit

=Tt Vi (fiDwy + [Py — Wit1) + Dty Uk (B.40)
as
Virr (I = pQpi1Vien) ™' = Vit — ,UQk+1)_1 = (I — WVi1Qi1) ' Vipr  (B.41)
Now from (B.32)
0 ey + O puy + 0 (B.42)

+ T (T Virs (fipey + fipur — wi) + Tty Ukga) = 0

(Z}iu + f/gTF;;LVka;?) Du;, + (sz + fﬁTF,ZileHf;f) Day,

+ 0 + flgT (—F;;i1vk+1wk+1 + F];ilvk—&-l) =0 (B.43)
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which can be written

Pup, = GiPay + Gk (B.44)

where

Quu = G + [T Vi S (B.45)
Que = 6"+ fi T Ve fi

Qu="10; + flgTFl;—il-lvk-i-l - fIgTF]:ilvk-i-lwk-&-l

Gr = —Quu Qua

Finally, we get:

O Pas & " Puy + G+ FE N
= gyéxpxk + Eiupuk + egkc: + fk:xTFI;il (Vk-i-l (flfpxk + f]?puk - wk’-i-l) + Uk’-i-l)
= 0" Poy + Quubuy + G+ [1 Tty (Viesr (fEDay, — Whs1) + Ok

with:

Vi= G+ T Vi S — Quu@y)l Quo (B.47)

TT— T _
v =G+ fi Fk—&l-lvk+1 — I FthkHwkH - Qqum}QU
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In this section, we derive the recursion for the past stress. Note that those

derivations are valid only if ¢ > 1. First, we define, Vk =0,...,t — 1:
/_\k = :u_l IfTQI;-il-lflfpﬂlk - Eixpmk - :u_l szQl;-il-l (wk-i-l +p$k+1) - gi
e From (B.21), for £ = 0:
(G =" P = 7 5T ) Pao

A T Q a6 — T P g+ T T Q= 0

_:U’ilpil(pxo + U)o) = 5\0

QR e+ (G — Q= T Q= R R Py

(B.48)

(B.49)

+ 1 T Qu Pay 0 — Qw4+ T T QWi + R R = 0

Qi [1pery — (@ + B RRE) pay — Qi Mwr + b Ry My = pihe

(B.50)
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Proposition 10. Vk =1,... ¢

Qi feoipen . — Qi+ B RRE) pay — Qi Mwr + by Ry e = — P (pay, — i)

_P_l(pxo + U)o) = _PO_l(pxo - ﬂO)

(B.51)
where Py, and fi, are solutions of the forward recursion:

B = P+ f Qi i —
Pepy = Qe + fl(P = ™) i
K1 = Pty (Rigr + Wi P b )™
Pi1 = (I = Kpyrhi ) Pea
fir1 = (I = Ky b ) (f e — wi1) + K1

+ 1P Qi fi By (G fu + £7) (B.52)

with the initialization:
PO == P

Furthermore:

VE=0,....t =1, pu =E (fF7Quti(Wkt1 + Puyry) + Py + plf)  (B.54)
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Proof. The initialization is clear:

Py=P (B.55)

Ho = —Wo (B.56)

If the prop is true at time k, from (B.49) and (B.50), we must have )\, =

—pu P (ps, — fix). Now let’s show that the property holds for k+ 1. From (B.48),

we have:

_lu_lpk_l(pxk - ﬂk) :N_lfl?Tleilflfpkk - Zixpkk
- :u_l I?TQIZil (wk-i-l + p$k+1) - Eg

(P + QIR = 1BT) Pay, =187 Qicty (Wes + Py ) + B ok + il

Hence, we recover equation (B.54). Consequently,

— T — z T p— x — x T p—-1
— Qi1 [epz, + (Quly + 0 Reihin)) peyy + QuiaWirn — hiyy Ryl =
— x — x — x nrx -1 x — -1~ T
- Qk-il-lfk (Pk "+ TQk—il-lfk — i) ( kTQk—il-1<w/€+1 + Payyy) + B e+ Mgk)
— z T p— x — x T p—
+ (Qrty + My Ry hir) Doy + Qpliwi — iy Ry ven

= Pl;—l}l (pﬂckﬂ - /lk+1> (B57)
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where:

— — T — T — T — T - T rz\ "1 px -
Bl = Quly + b TR RE = Qi fE (Pt + Qi fE — plE) T [ Qi

(B.58)

T — x x — rT\— x -1
= hk+1TRk-l-1hk+1 + (Qk+1 + iRt — i) kT)

.

-~

—p—1
'_Pk+1

and:
Pl;&-llllt—t-l
= —Qp W + hi+1TREi17k+1
_ _ _ - -1 _ 1
+ Qk—&l-lfl? (Pk L4+ flfTQkﬁl-lfIf - N%z) (fl?TQk—il-lwk-ﬁ-l + P l,uk + Ngi)
— - T — T - x gra\ "1 ez -
= - (Qkil - Qkilfk (Pk L+ fkTQkilfk — ply, ) kTQkil) Wk+1
x — — x — T — T xx -1 -1~ X
+ hk+1TRki17k+1 + Q]Hl_lfk (Pk; " I TQk-fl—lfk — uly, ) (Pk 1/% + ,Ufk)
= _pl;tl1wk+1 + hiHTR,;ilka
— T — x — x Jrz) 1 —1 A T
+ Qk—&l-lfk (Pk t+ fkTQk—&l—lfk — ply ) (Pk l,uk + Mk) (B-59)
Let’s define:

Kk-i-l = (pk_Jrll + hi-&-lTRl;ilhi—l—l)_lhi—HTRl;il
- Pk—l—lhi-i—lT(RkH + hi+1pk+lhi+1T)_l (B'GO)

By = P+ [P Qu fE — n® (B.61)



173
We have:

(I - Kk+1hi+1)Pk+1 - (] - (Pk_Jrll + hi+1TRl;i1hi+1)_lhi+1TRk+1hz+1)pk+1

= (Pk_+11 + hglg+1TR1;+11hi+1)_1 = P (B~62>
and get:

fuyr = —(I — Kprhy ) )wernr + K + Pk—i—lQ];thkxEk_il(Pl;lﬂk + ply)
(B.63)

but:

Pen Qi i B Pyt

= P Qily fi (P + Qe gt — ntir) Py (B.64)
= PenQihifi = PenQEnnfi (P + FETQil i = n) ™ (£ QElu i — nli)
= P (Qih = Qibifi (B + FTQELSE — b)) Q0L )

+ Pk+1Q1;i1fszk_i1MZiw

= Pt (Quea + 2 (B =) ) 2+ Pen Qi e Bl

= Pe1 P fE+ Pon Qi [E B nl”

= (I = Kipthig ) i+ Pea Qi Ji B
Therefore,

k41 :(I - Kk—l—lhz—o—l)(flfﬂk - wk+1)

+ Kpp1Ve1 + HPk—l—lleilfl?Ek_jl(Ziwﬂk + 0;) (B.65)
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B.5 Coupling

In this section, we study (B.23) and show that it allows us to couple the past

and future stress:
e Case 1. From (B.23),ift =0

(" — "Byt = 7 QT ) ao + 1 T QY

(0 — T QTN Pug 05 — T Py g + T QT = 0 (BL66)
From (B.51), we have:

(667 = 17 5 QUE) Pog + 17 5 QT oy + (66" — 17 5 QU E) Pug

(B.67)

+ 0+ 7 e Qr wn = T Py (pey — fio) (B.68)
e Case 2. From (B.23),if ¢t > 1:

P QT S ey + (O = Q7 = T QST — T hET R pa
+ ,U71 thQ;-i-llpItﬂ
+ (Eﬁw - qul fTQ;—&-lleL) Puy

0=t wy + T Qi we + TRy = 0 (B.69)
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and from (B.51), we have:

—Q; [ Pey + Q"+ R RIRY) pa,

+Q; 'we — B Ry = PN (e, — i)

Therefore, in both cases, we find that:

(6" — W QI ST) o + 1 T Q  Da s + (G — 17 T QAN L) P
+ 0+ QWi = W P (pyy, — )
(B.70)

And from (B.34)

ViDa, + 00 = 07" pay + L7 puy, + 07 + S A
= gfxpxt + qupuk + 4

+ [T (07 Qe Py — JEPre = [Pu +w0111))

Hence, Equation (B.70) becomes:

‘/;p.rt + v = M_lpt_l(pact - ,at)

wPVipy, + Py = pg, — fi
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Hence:

Doy = (B = uVe) ™ (B Ve + o) (B.71)
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