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Abstract— Autonomous racing is a high-performance,
safety-critical task that inherently involves a high degree
of uncertainty (especially in off-road unstructured envi-
ronments), as driving conditions can vary and tire-terrain
interactions are difficult to model accurately. On one hand,
the vehicle needs to drive fast while, on the other hand,
it must avoid crashing, thus requiring a trade-off between
performance and safety. This work develops a stochastic
model predictive controller (SMPC) for uncertain systems
with additive Gaussian noise subject to state and control
constraints and applies it to off-road autonomous racing.
The proposed approach is based on the recently developed
finite-horizon optimal covariance steering (CS) control the-
ory, which steers the system state’s mean and covariance
to prescribed target values at a given terminal time. We
show that the proposed CS-SMPC algorithm can deal with
unbounded Gaussian additive noise, while ensuring stabil-
ity. The effectiveness of the proposed approach is demon-
strated via both numerical and experimental tests using a
scaled autonomous racing platform, as well as on an actual
full-size vehicle during a GPS-denied driving task.

Index Terms— Autonomous racing, collision avoidance,
model predictive control (MPC), stochastic optimal control.

[. INTRODUCTION

UTONOMOUS racing has generated a great deal of

interest in the robotics research community [1]-[3] as
it presents a uniquely challenging, yet structured, test-bed for
control algorithms. The task demands fast real-time compu-
tation to control a complex dynamical system, which can be
subject to multiple input and state constraints and stochastic
disturbances. Model predictive control (MPC) is an attractive
method for solving such control problems because it is able
to provide theoretical guarantees on stability and feasibility
subject to constraints, while recent advances in computer
hardware have rendered MPC approaches amenable to real-
time implementation [4], [5]. Within the field of MPC, the
two primary methods for solving the optimal control problem
are convex optimization and sampling-based methods. The first

J. Knaup is with the School of Interactive Computing, College of
Computing and the Institute for Robotics and Intelligent Machines,
Georgia Institute of Technology, Atlanta, GA 30332—0250 USA (e-mail:
jacobk@gatech.edu)

K. Okamoto is with the School of Aerospace Engineering, Geor-
gia Institute of Technology, Atlanta, GA 30332-0150 USA (e-mail:
kazuhide@gatech.edu)

P. Tsiotras is with the School of Aerospace Engineering and the
Institute for Robotics and Intelligent Machines, Georgia Institute of Tech-
nology, Atlanta, GA 30332—0150 USA (e-mail: tsiotras@gatech.edu)

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

method relies on linearizing the dynamics and writing the cost
function in a convex form [6], while the second method is
able to work directly with non-convex problems and general
dynamics by sampling the control actions directly [7].

Since MPC is a model-based design, deterministic MPC
approaches are susceptible to errors owing to modeling uncer-
tainties and exogenous disturbances. This is especially critical
for autonomous racing tasks, where the vehicle dynamics
are often not known exactly because tire-road interactions
are difficult to model and change with varying road con-
ditions, and the vehicle may be subjected to large external
disturbances from the interaction with the terrain. In order to
overcome difficulties stemming from the susceptibility of clas-
sical MPC methods to environmental uncertainty and noise,
robust MPC (RMPC) and stochastic MPC (SMPC) extensions
have been developed (see e.g., [4], [8]-[10] for an extensive
literature review) to deal with various forms of uncertainty.

Robust MPC approaches assume deterministic uncertainties
that lie within a given compact set. For example, min-max
MPC [11] computes a control command that can deal with the
worst-case scenario in terms of system uncertainty. Another
RMPC approach is the tube-MPC [12], which separates the
controller to a nominal controller and a feedback controller,
with the latter being proportional to the deviation from the
nominal state value, thus achieving asymptotic stability to
a set [13]. RMPC approaches are effective against worst-
case deterministic disturbances, but can be conservative in
the case of stochastic disturbances since they ignore any
knowledge about the probabilistic nature of the disturbance.
In addition, they do not guarantee recursive feasibility in the
case of possibly unbounded disturbances. Recursive feasibility
is a crucial property that ensures that the MPC optimization
problem has a solution (i.e., satisfies all the constraints) at
each time step [5], [14].

In order to explicitly deal with the probability characteris-
tics of system uncertainties, several stochastic MPC (SMPC)
approaches have been developed. As with RMPC, in SMPC
feedback policies are optimized instead of open-loop control
sequences. However, SMPC abandons the worst-case point of
view addressing, instead, the desired “expected” or “average”
system behavior that takes into consideration the most likely
disturbance the system may encounter in practice. As a result,
SMPC methods tend to provide better performance.

Although there is no agreed consensus about classify-
ing the numerous SMPC approaches proposed in the liter-
ature [4], the most common approaches are the so-called
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analytic approaches and the randomized (or scenario-based)
approaches. The former include stochastic-tube [15]-[17] and
affine-parameterization [18], [19] approaches, which reformu-
late the cost and the probabilistic constraints in deterministic
terms. They typically assume some form of additive white
Gaussian noise acting on the system, and are most closely
related to the proposed CS-SMPC algorithm in this paper.
Scenario approaches such as [20], [21], on the other hand,
compute the expected future system behavior by generating
several noise realizations. For this reason, they can handle
more generic systems, costs, and state and control constraints.
However, their computational requirements are much higher
than analytic approaches. In addition, their feasibility and
convergence properties are difficult to access. Scenario-based
SMPC approaches will not be discussed further in this work.

From the analytic approaches, stochastic-tube MPC [15],
[16], [22], [23] decomposes the state to deterministic and ran-
dom components. The random component is controlled using
a state feedback controller with a pre-computed stabilizing
gain, and only the additional control command to steer the
deterministic component is computed online. By doing so,
stochastic-tube MPC succeeds in avoiding the optimization
over arbitrary feedback policies. Although this approach re-
duces computational complexity, it requires trial and error
to compute a priori a state feedback gain that is not too
conservative, especially when constraints are expected to be
active.

In order to overcome the off-line computation of the feed-
back gain, an affine parameterization SMPC approach has been
proposed [18], [19]. In the this approach, both the feedback
gain and the deterministic component are design variables that
have to be simultaneously optimized online. The stochastic-
tube MPC approach predicts the future state uncertainty evolu-
tion a priori because the feedback gain is pre-computed; it tries
to control the mean state so that the predicted state satisfies the
given constraints at the end of the horizon. On the other hand,
the affine parameterization approach simultaneously computes
the feedback gains and the open-loop control sequences so that
the predicted state solution satisfies the constraints. As a result,
the affine parameterization approach leads to less conservative
controllers that tend to operate closer to the boundary of the
constraints, thus increasing performance.

It is known that a state feedback parameterization approach
leads to a non-convex problem [24]-[26]. In practice, one
thus relaxes the constraints to make the problem convex,
which may lead to unnecessarily conservative results. As an
alternative, in [19] the authors employ a disturbance feedback
parameterization of the control policy instead, which leads
to a convex problem formulation. It has been shown that
disturbance feedback parameterization is equivalent to state
feedback parameterization [27]. The disturbance feedback
parameterization approach has been extended to accommodate
input hard constraints in [18], [28]-[30], a task that is diffi-
cult to satisfy using stochastic tube-MPC or state feedback
parameterization approaches.

Owing to the problem stochasticity, SMPC approaches use
probabilistic (e.g., chance) constraints and impose a maxi-
mum probability of state or input constraint violation [31],
[32], instead of an absolute constraint violation requirement.
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Satisfaction of the constraints with high probability is the
price to pay for being able to explicitly handle uncertainty
in the problem formulation. When using the stochastic tube-
MPC approach (and since the feedback gain is pre-computed)
the chance constraints can be converted to linear inequality
constraints, whereas in the affine parameterization approach
(and since the feedback gains are computed online) the chance
constraints are converted to second-order cone constraints [4].

A. Challenges of Current Stochastic MPC Approaches

MPC controller design is based on a receding horizon ap-
proach, by which an optimization problem is solved repeatedly
every time a new measurement of the state becomes available.
As a result, a key requirement for the success of an MPC
design is the ability to satisfy the constraints at each iteration,
a property known as recursive feasibility. While the issue
of recursive feasibility is well understood for the case of
deterministic MPC, showing the same for SMPC is much more
challenging. This is because, in general, it is not possible
to enforce recursive satisfaction of the state and control
constraints in the face of unbounded additive disturbances.
Therefore, most works on SMPC achieve recursive feasibility
and convergence by assuming a bounded probability distribu-
tion of the disturbance [19], [22], [33]-[35].

Not surprisingly, SMPC theory dealing with unbounded
(e.g., Gaussian) disturbances is less developed. Some re-
cent work includes [25], [30], [36]. The approach proposed
in [25] devises a re-initialization strategy that switches be-
tween closed-loop and open-loop control to ensure recursive
feasibility. It also uses state-feedback parameterization, which
leads to the need to solve a non-convex programming problem.
In [30] the authors consider the MPC problem for stochastic
linear systems with arbitrary, possibly unbounded, distur-
bances subject to both joint state chance constraints and hard
input constraints. Contrary to [25] the authors of [30] do not
use a re-initialization strategy to ensure recursive feasibility
and stability, but instead they suggest to soften the chance
constraints. In [36] the authors address the SMPC problem for
additive Gaussian noise and time-invariant probabilistic sys-
tem uncertainty using state feedback parameterization. Since
guaranteeing feasibility and stability under both unbounded
noise and system uncertainty is very challenging, stability is
established for the unconstrained case only.

In [25], the authors consider a time-invariant linear system
and design a terminal set using a precomputed feedback
matrix, which is the steady-state solution of a Lyapunov
equation. However, in the case of a time-varying system, it
is not possible to compute such a steady-state solution. Other
prior works addressing the problem of stability and recursive
feasibility of SMPC for linear time-varying systems are [33],
[37]. However, in both cases, the authors limit their analysis to
systems with bounded disturbances and only establish stability
for the nominal system.

The main challenge in all current SMPC formulations stems
from the difficulty of controlling the dispersion of the trajec-
tories subject to system uncertainty, which makes ensuring
recursive feasibility and stability elusive, especially in the
case of stochastic disturbances with unbounded support. The
approach we propose in this article utilizes the results from
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the newly developed finite-horizon optimal covariance steering
theory [38], [39] that allow the distribution of trajectories sub-
ject to Gaussian noise to be driven from an initial distribution
to a specified final distribution, while minimizing a state and
control expectation-dependent cost.

While infinite horizon covariance control has been re-
searched extensively since the late ‘80s [40], the finite horizon
covariance steering case had not been investigated until very
recently [41]-[43]. Specifically, and most closely related to the
results in this paper, in our previous work [38] we introduced
state chance constraints into the optimal covariance steering
problem, and used it to solve challenging path planning prob-
lems in the presence of uncertainty [39]. To our knowledge, the
current paper is the first work in the literature to incorporate
optimal covariance steering into the SMPC framework in order
to deal with the issue of convergence of SMPC in a principled
manner. Since the proposed CS-SMPC approach simultane-
ously computes the open-loop and the feedback gains, it can
be regarded as an affine parameterization approach.

B. Contributions

The main contributions of this work are summarized as fol-
lows: first, we introduce a new SMPC approach for linear time-
varying systems with unbounded noise that takes advantage
of the recent theory of covariance steering to provide direct
control of the state covariance at the end of the horizon, thus
enabling the analysis of the stability properties of the system.
Second, we introduce the covariance steering SMPC (CS-
SMPC) algorithm and demonstrate how the design of the feed-
back policy, along with the terminal constraints, achieves com-
putational efficiency and the ability to deal with unbounded
Gaussian disturbances, while also ensuring stability, provided
the problem remains feasible. Owing to space limitations,
we address only the stability question, referring the proof
of recursive feasibility to a future publication. As discussed
previously, existing approaches require either relaxing the ini-
tialization policy in order to ensure feasibility in the presence
of unbounded disturbances, or they assume that feasibility
is already established. In this paper, we follow a similar
approach. In fact, in case of disturbances with unbounded
support (e.g., Gaussian noise) one can only guarantee recursive
feasibility with high probability, as there always exists the
possibility that a large enough disturbance will drive the state
into the infeasible region regardless of the control policy. In
practice, of course, disturbances are bounded. Nonetheless,
dealing with unbounded disturbances removes the need to
specify a prior bound on the disturbances, which typically
increases the conservatism of the ensuing control policy. We
demonstrate the safety advantages of the proposed control
design for a stochastic system in an autonomous racing task
using a 1:5 scale AutoRally autonomous vehicle on a dirt race
track. Finally, we present the results of the implementation
of the CS-SMPC controller on an actual full-size commercial
vehicle during a normal, self-driving task.

Notation

The notation used in this paper is quite standard. We denote
the set of n-dimensional real vectors and m X n real matrices
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by R™ and R™*"™, respectively. We use P > 0 and P = 0
to denote the fact that the matrix P is symmetric positive
definite and semidefinite, respectively. tr(P) denotes the trace
of the square matrix P, and blkdiag(P,,..., Py) denotes the
block-diagonal matrix with matrices Py, ..., Py. We use (%)
to represent repeated terms. ||v|| is the 2-norm of the vector v,
and I; € R?*4 is the identity matrix of size d. The notation
x4, indicates the state at time step ¢ predicted at time step
k > 0 where t > k. The notation z ~ N (u,2) indicates that
the random variable z is distributed according to a Gaussian
with mean p and (co)variance X. Finally, E[-] denotes the
expectation operation, and Pr(A) denotes probability of the
event A.

The rest of the paper is structured as follows. In Section II
we define the stochastic optimal control problem we wish to
solve, and in Section III, we develop the optimal covariance
steering problem and provide its solution. In Section IV we
present the covariance steering stochastic MPC (CS-SMPC)
algorithm along with its stability properties. In Section V
we discuss the implementation of the CS-SMPC algorithm
including the development of a high-fidelity vehicle model
used for control design and simulation. Section VI then
presents simulation and experimental results on an actual
vehicle platform demonstrating the safety and performance
advantages of CS-SMPC over a state-of-the-art sampling-
based MPC controller. For conciseness, some of the more
lengthy proofs are given in the Appendix.

Il. PROBLEM STATEMENT

In this section, we formulate the general SMPC problem.
We first provide the class of dynamical systems the approach
can handle, and we then introduce the control design problem
we wish to solve.

A. Problem Formulation

We consider discrete-time-varying stochastic affine systems
with additive uncertainty of the form

Tp1 = Ay + Brugp + Dypwy, +11, kK=0,1,... (1)

where k is the time step, Ay € R"=*"= By € R"=X"u D €
R7=*"w and r, € R, £ € R™= is the state, with initial state
o known, u € R™ is the control input, and w € R™ is a
zero-mean white Gaussian noise with unit covariance, that is,

1, if k1 = ko
Efwp] =0, E ] = Q@
[tox] (om0, ] 0, otherwise. @
We also assume that
E [k, wg,] =0, 0 < ki < ko, 3)

which stems from causality considerations.

In (1) the system matrices A, By, Dy, and 7 are assumed
to be known and bounded for all £k = 0, 1,.... The case when
these matrices are not known exactly or they depend on some
random parameters is out of the scope of the current paper, but
is an important problem in its own right. Probabilistic MPC
approaches that can also handle parametric uncertainties in the
system matrices have been proposed in the literature; see, for
example [10] and the references therein.
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We require that the state zj; and the control input uj obey
probabilistic (chance) constraints, in the sense that we require,
for all k =0,1,...,

Pr(z, € X) > 1— p,,
Pr(ur € U) > 1 —py,

(4a)
(4b)

where X C R" convex, and U4 C R"™+ compact and
convex. Here p,,p, > 0 denote the maximum probabilities
of constraint violation. In practice, typically, p;,p, < 1.
Given xj and a control sequence Ug,Uk+1, .- -, Uk+N—1,
where N is a time horizon, we associate with (1) the cost

k+N-1

In(isuy ) =E | D blanw) + Ji(zeen) | )
t=k
where, ¢;(z,u) is the running cost, J;(z) is a terminal
cost and where, for notational simplicity, we write u,iv -1 =
{uk, Uk+1, ..., ur+N—1}- Since we are primarily interested in
tracking problems, we assume that the running cost has the
special form

b(z,u) = (xz — xgt)TQt(x —Zg,)+ u' Ryu, (6)

where, for all t = 0,1,..., Q; = 0, Ry > 0 are known
bounded matrices, and {z4,}22, C R™ is a given bounded
sequence representing the target state to track. To ensure that
the problem has a solution, it is further assumed that z,, € X
forallt=0,1,....

B. The SMPC Optimization Problem

In order to obtain a tractable optimization problem, we will
further assume that the sets X and U can be written as the
intersection of a finite number of linear inequality constraints
as follows

Ng—1
X2 () {z:alx < B}, 7

=0

N.—1
Uz () {u:a)us<bul, (8)

§=0

where a;; € R™ and o, ; € R" are constant vectors, and
B,; and B, ; are constant scalars.

Using Boole’s inequality [44], the constraint (4a) is satisfied
assuming the inequality

Pr (Oé;il'k < Bei) > 1 — pai,

holds for all ¢ = 0,..., N, — 1, where p,; > 0 are such that

Ng—1
i=0

Similarly, the chance constraint (4b) is satisfied by imposing
the following conditions for all j =0,..., N, — 1,

(9a)

(9b)

Pr (a jue < Buj) = 1= puys (10a)
where p, ; > 0 are such that
N.—1
> puj <P (10b)
j=0
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In the following, we assume that p, ;,p, ; are given such
that they satisfy (9b) and (10b), respectively. The problem of
risk allocation [4], [45], [46] allows for p; ;, Py, ; to be free
parameters to be optimized as well. However, adding py ;, Py, ;
as optimization variables results in a non-convex optimization
problem, so the risk allocation problem will not be addressed
in this paper where we seek computationally efficient (albeit
conservative) solutions to the SMPC problem.

The SMPC aims to solve, at each time step k, a finite-
horizon optimal control problem with cost as in (5) subject
to the dynamics in (1) and the state and control constraints
(9) and (10). Let the horizon N be given and let uﬁ;l =
{Ukks - -, UptN—1)%} be a control sequence over the horizon
k,...,k+ N —1. The SMPC optimization problem at time k
can then be summarized as follows

E+N-1
rpvi_n1 JN(xk;uf:‘[;l) = ]E[ Z gt(xt|k7ut|k)

Yyl t=k

+Jpene)], (1)
subject to
Tep1)k = Ao + Brugp + Dywy + 14, (11b)
Pr (o), wyk < Bei) > 1= poi, i=0,...,N;—1, (llc)
Pr (a juen < Buy) > 1—puy, §=0,...,N.—1, (11d)

where t = k,...,k+ N — 1 and zy;, = . We introduce
the following assumption which will aid the subsequent dis-
cussion. This assumption is used for the stability analysis and
will be made more precise in Assumption 3.

Assumption 1: For all k = 0,1,..., there exists a feasible
control sequence ufc\" ,;1 that solves Problem (11).

Let us denote the optimal solution to (11) as uzl[z_l =
{U’Z\k? ce UZ+N—1\k}~ The SMPC generates an (implicit)
feedback strategy by applying, at each time step k, the control
uzlk to the system (1), that is, uy = uzlk.

Remark 1: In the problem formulation (11) we have prob-
abilistic constraints for both the state and the control input.
In practice, one would prefer to impose hard constraints in
terms of the input. Although hard input constraints can be
incorporated in SMPC problems [4], enforcing input hard
constraints for SMPC problems and guaranteeing stability and
feasibility is not possible if the disturbance is unbounded and
the system is not Schur stable [28] or Lyapunov stable [29].
This is not a major issue for most engineering applications,
however, since almost sure satisfaction of the control constraint
(11d) can be ensured by choosing a very small value of p,, in
(10b). For other alternatives, see [26], [47]. For more details
on the difference between hard and chance input constraints
in SMPC problems, we refer the interested reader to the
discussion in [30] and [48].

[11. OPTIMAL COVARIANCE STEERING

In this section, we introduce the basic theory behind optimal
covariance steering controller design under state and control
chance constraints, which will be the main ingredient in
solving a relaxed version of the SMPC problem (11). The
proposed Covariance Steering SMPC (CS-SMPC) algorithm
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modifies the optimization problem (11) in terms of two im-
portant aspects. First, the terminal cost in (11a) is replaced
by explicit constraints in the final state mean and covariance.
Second, we allow for the initial state x; to be drawn from a
normal' distribution with known mean and covariance. Hence,
the mean and covariance of the initial state become additional
optimization parameters of the problem, a technique that has
been used in other similar SMPC approaches [25], [49].

In the discrete-time optimal covariance steering problem
setup [38], we wish to steer the state distribution of system (1)
from an initial Gaussian distribution xy ~ MN'(ug, o), to
a prescribed Gaussian distribution at a given time step IV,
namely, xny =z ~ N (ug,X¢). where 3g = 0 and Xy > 0.

Specifically, we wish to solve the following optimization
problem.

N—-1
.f‘glvi—nl J(po, Zo;u) ) = E kzmek(xk,uk)], (12a)
subject to
Tht1 = Arzi + Brug + Dywg + 71, (12b)
xo ~ N (1o, Xo), (12¢)
Pr(ag oy < Bai) > 1—psy, i=0,...,N,—1, (12d)

Pr(a, juk < Buj) > 1=puj, §=0,...,No.—1, (12e)
TN NN(ufvzf)7 (121)
N—-1 __

where k = 0,..., N —1 and where ug ~~ = {uo,...,un—_1}
As discussed in [38], [39], [42], by relaxing the terminal
constraint (12f) to the pair of convex constraints

Elzn] = py, E[(zy —Elan])(zy —E[zn])T] 2, (13)

Problem 12 can be reduced to a convex optimization problem
that can be efficiently solved to global optimality using a
semidefinite programming solver. Specifically, we have the
following theorem, whose proof can be found in [39].

Theorem 1 ([39]): Let the optimization problem (12)
where (12f) is replaced with (13), and let p,,p, € [0,0.5).
Then, for all ¥ = 0,...,N — 1, the control law wu; =
vk + Kryrk, where vy, € R Kj € R™*"=_and y, € R"=
from yr11 = Agyr + Dpwg, with yg = 9 — pg, results
in a convex optimization problem in terms of the controller
parameters v and Ky, for k=0,...,N — 1.

IV. CS-SMPC CONTROLLER DESIGN

In the previous section, we introduced the optimal covari-
ance steering controller. We are now ready to discuss the main
result of this paper that uses the covariance steering convex
problem formulation within an SMPC framework.

A. CS-SMPC Formulation

In this section, we utilize the solution of the optimal covariance
steering problem (12) to obtain a new SMPC problem formula-
tion that includes terminal constraints on the state distribution
to facilitate feasibility and stability. As shown in the Appendix,

! Actually, covariance steering theory does not require that the distribution
be Gaussian, only knowledge of the required mean and covariance of the
distribution is needed.
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the resulting CS-SMPC problem can be efficiently solved
using a convex programming solver.

Specifically, at time step k, we wish to solve the following
finite horizon stochastic optimal control problem.

kN1
min ‘]N(“k’zk?uﬁgl) =K [ Z 5t($t|k7ut|k)] , (14a)

Uik t=k
subject to
T = Aeop + Brugy + Dywy + 14, (14b)
Type ~ N (i, Zi), (14¢)

Pr (o) ;@yp < Boi) =1 —pas, i=0,...,Ny—1, (14d)
Pr (ay juegs < Bug) > 1—puy, §=0,...,No—1 (l4e)
E [$k+N|k} S X”, (141)

E [(@rsnik — Elzrrne]) @eanie — Elveenge) | 2 Sy,
(14g)

where X]ﬁ‘ C X C R" is compact and convex and X €
R?’LJ XMNg .

Pictorially, Problem (14) is illustrated in Figure 1. At each
time step k, the predicted system state and the predicted
control have to satisfy the chance constraints for all initial
state and noise realizations. In addition, at the end of the
optimization horizon, the predicted state mean has to be within
the set X J’f , denoted by the yellow polytope, and the system
covariance has to be smaller than X, denoted by the yellow
ellipse in Figure 1.

Adding terminal constraints is a common methodology to
guarantee recursive feasibility and stability for MPC prob-
lems [4], [9], [14]. However, as we are dealing in this
paper with a time-varying system subject to disturbances with
unbounded support, computing terminal costs and constraints
which ensure recursive feasibility of the system is extremely
challenging [33], [37]. Instead, in this paper we assume that
recursive feasibility holds and will focus our analysis only on
the stability question in Section IV-C. Specifically, we will
assume that for Problem (14) the conditions E[zj n|x] € X )’f
and E[(zpqnpk — Elzrrne]) (@rsnvie — Elzrne]) '] 2 2y
imply that xj y; also satisfies the chance constraint (14d)
and, furthermore, if ukN“;l is a feasible control for Prob-
lem (14), then there exists w satisfying (14e), such that the
trajectory generated by the control sequence {uﬁk_l,u} is
such that E[zy4 ni1)%) € X)’f and such that E[(zy4n41jk —

Elzsn+1k]) @eent1pe — Elzgsvin) '] < 2y

k t k+N
Flg 1: A schematic describing the proposed CS-SMPC approach.

The next result provides a control policy that solves the
optimization problem (14) in an efficient manner.
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Theorem 2: Given py, X, X ]’f and X5 > 0, let the control
law

Ugle = Ve + KerYek, (15a)
where, forall t =k,....,k+ N — 1,
Yer1k = Atyer + Diwy, (15b)

and yix = Tx — pg. Then, Problem (14) can be cast as a
convex programming problem.
Proof: See Appendix A. ]

Using the controller policy parameterization (15), at each
step k =0, 1,..., one optimizes over the controller parameters
vy, and Ky, instead of the control actions uy,, where ¢ =
k,...,k+ N — 1. Optimizing over control policies instead of
control actions has the benefit of reducing conservatism by
encoding the response to future disturbance realizations and
that the satisfaction of the constraints is not only ensured for
the measured initial state x;, but also for all initial states xj ~
N (pk, 2k). In that respect, the CS-SMPC controller design
also guards—to a certain extent—against state measurement
uncertainties. Since Problem (14) is convex in terms of the
controller variables v;;, and Ky, it can be efficiently solved
using an SDP solver such as Mosek [50].

Let the optimal cost of Problem (14) at time step k be
denoted by J5(uk,Xk) and let the corresponding optimal

*N—1 _ * *
= {Uk\lw . "Uk+N—1|k}

control policy be denoted by Vilk
*N—1

and  Kj {KG - Kiyn_1p)- Then, the
corresponding sequence of future control actions u;ﬁ_l =
{“ZW e ’UZ+N—1|k} = {”Zuc + K1:|kyk|k’7 e ’UZ+N—1\k +
K, N1k Y+ N—l\k}7 generates the predicted optimal state
distribution sequence with mean and covariance pairs as
{(M2|ka E;;“c)a (/“LZJrl\k’ ZZ+1|]€)7 s (M2+N|k’ EZ+N|]€)}’
where, forall t =k,....k+ N — 1,

fipa e = Aeisyy, + Bevgy + e, (16a)
e = AZiRAL + DD+ A

TYt|k
+ B, ;kz*T Al + B, i

*T T
ik Bt

iRBl, (16b)

TYt|k Yt|k
and where
Z;yt+1\k = Atz;yt\kAtT + By :lkzyt\kA;r +DtDtTv (16¢)
Sy = AiZy, Al + DD (16d)

=%

Y|k

with u;;‘k = i and Ezlk =3

TYk|k

B. CS-SMPC Initialization

In Problem (14) uy and Xy, are additional optimization param-
eters that can be used to ensure the feasibility of the problem.
If we assume we have perfect state information and ignore
measurement noise, the value of x; is available, and thus,
we have the option to set ur = xj and X, = 0. However,
since we have unbounded additive noise, the state may become
unbounded as well and Problem (14) can become infeasible if
we always set py = xx and X = 0. In order to proceed, we
thus impose the following assumption.

Assumption 2: At time step k = 0, Problem (14) is feasible
subject to the initial condition E[z¢] = o = xq, o = 0.
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In order to keep Problem (14) feasible for all future time
steps £ > 1, several approaches have been proposed [25],
[30], [49]. In this work, we follow a dual initialization strategy
similar to [25], [36], [49], which considers the initialization
of the Problem 14 as its own optimization problem with the
choice of either measurement or prediction. Specifically, we
set ug and X as either

HE = Tk, Xk =0, (17)
or
b= ko Sk =S (18)
according to
(z, 0), if (14) is feasible and

(e, X)) = TR (@, 0) < IR (Wge—1> Zhje-1)s (19)

(uzlkfl,z,’;‘kﬂ), otherwise,

where xj is the current state measurement and ,uzl sy and
E’,;l 41 are the optimal predicted state mean and covariance
from the previous time step as in (16).

Specifically, initialization (17) is used if the problem is
feasible and results in a lower optimal cost than the prob-
lem with initialization as in (18). Otherwise, (18) is used.
It follows that the optimal cost of Problem (14) when the
controller is implemented using (19) is always bounded by
the optimal cost initialized using the predicted values of the
mean and the covariance, that is, the inequality JJ*V(M, ) <
Jj(,(uzlk_l, Ej;‘k_l) holds, where i, X5 are chosen according
to (19).

Notice that (17) is the result of closing the loop with the
current measurement, while the choice (18) does not use the
most recent measurement in Problem (14), but instead uses it
in the determination of the applied control action from (15a).

C. Stability Considerations

We now turn our attention to analyzing the stability proper-
ties of the closed-loop system with the proposed CS-SMPC
controller. Since the stochastic system (1) is time-varying,
analyzing the stability and recursive feasibility of the closed-
loop system is extremely challenging, even in a deterministic
setting. This is due to the difficulty of establishing a control
law a-priori which is both stabilizing and feasible over all
potential realizations [33], [37]. Alternatively, one can seek to
derive weaker conditions that ensure some form of stability
or convergence, by assuming the recursive feasibility of the
problem as was proposed, for example, in [36], [51]. We
follow a similar approach and analyze the stability of the
system assuming that the problem is recursively feasible.

In the rest of the paper we prove two important properties
of the CS-SMPC algorithm. First, and similarly to [33], [37],
[51], we show that, under suitable additional assumptions, the
nominal system given by

Mrt1 = Agpiy + Brog + 1, (20)

where p = E[xg] and vy, = Efug] is locally asymptotically
stable, in the sense that lim;_, ps = x4, for all ug satisfying
Assumption 2. In particular, we assume that {z, }32 are such
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that there exists a sequence {n:}:2,, where n; € U C R",
such that

Lgip1 = At‘rgt + Btnt + 7, (21)

and x4, € X holds for all £ > 0%. Second, we show that the
average stage cost for the stochastic system (1) is bounded
from above, provided the problem remains feasible.

We introduce the following assumption.

Assumption 3: For all k = 1,2,..., there exists a

vector v € R" and a matrix K € Rm"X" such

N-1 —
that v,/ = {vfp—1>-- - VigN_2p_1,v} and Kk|k =
{K;;‘k_l,... Kk+N ol 1,K} and such that the correspond-

ing control sequence uklk = {’Uk|k71 +Kk|k71yk‘k, N
Kypin-_1 &} is a feasible solution for Problem (14) with the
initialization strategy (18).

Assumptions 2 and 3 imply that, for all £k = 0,1,...,
Problem (14) is feasible using the initialization strategy given
by (19). Furthermore, by Assumption 3, at time k + 1, for all

k=0,1,..., there exists a control policy
V,]CVJ;”,CH = {Vkt 1415+ s U N1}
= {Vs1fks - > Vot N— 1> Vbt N1 (22a)
Kiv+11|k+1 = {Kpg1jkt1s - s Kip N1}
=Kk Ky v Kirnips1}, (22b)
with the corresponding sequence of predicted control actions
ukNJ:u;gH = {Vks1ie41 T Koo 1Uht 1)kt 15 - -
Vbt Nkt 1 + Ky Nkt 1Yk4 Njkt1}
= {01k + Kig1 e ¥kt 1ib415 - - -
Uk N—1fk + Kip N1 kYt N -1 k41
Uk Nk+1 T Ky N o 1Yk Npr1},  (23)

that is a feasible solution of Problem (14) with
initial conditions (18). The control sequence (23) with
initialization (18) generates the corresponding predicted
state distribution sequence with mean and covariance pairs
(Mg k41> Dht1[kt1)s - - Mk Nf 1]k 1> B4 N+1k+1) ) =
{(M2+1|k’22+1\k) (:u’]t+N\}<;’ ItJrN\k) (Mk+N+1\k+1a
Ykt N41k41)} as in (16) With g 1jk+1 = Pkt1 = IMLHW€
and Y1)kt = Dayepjin T Syparjpn = Skl = k+1|k
Next, we show that E[¢; (24, us)], where (-, -) has the
special form (6), can be written as a deterministic expression
in terms of the tuple (f14)5, Xtk Ve|k, Kypi). First, it follows
from (6) that E[l;(zys, uer)] = El(zyr — 24,) Qt %k -
xgt) + quRtut\k] = tr(Q:(E [(xt\k - E[xt\k
(Elzyr] — 24)(0) 7)) + tr(Re(E[(ug, — E[“ﬂk])( ) ]
E[ut‘k}E[Uﬂk]T)) Let E[(xt\k_E[xﬂkD(*)T] = Et|k .
Elzge] = pepe > E [(uep — Elugp]) (wep — Eluge]) 7] =
Kﬂkat‘thle and E[uy;] = vy. Therefore, the stage cost
can be written as

E[C (@i, wepre)] = Ce(bepis Sejies vejir Kipre)
= tr(QsXyr) + tr(RthlkEyz\th—l\—k)

+ (g — 3g,) " Qu (e — Tg,) + V) Revg. (24)

2In fact, for asymptotic tracking it only suffices to assume that there exist
T > 0 such that (21) holds for all ¢ > T'. To simplify the analysis, we assume
here T' = 0.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Furthermore, the stage cost may be split into the mean
and covariance components as Et(ut‘k,Eﬂk,vﬂk,Kﬂk) =
o (Mt\k,vt|k)+5 (zt\kaKtlk) where 7" (pe |1 vejk) = (bejr —
Tg,) T Qt (e — g,) + Uf|th Vi, and L (X, Kyp) =
tr(QXyr) + tr(Rth‘kEytle‘ )-

Finally, and with a slight abuse of notation, we may rewrite
the cost function Jy(-) in (14a) as

JN(uk,zwk LK (25w
JN(Nk; klk )+JN(ZkaK£1k1)a

IN (pr, X uﬁ,zl)

/c—',—N—l~

TR s Ve ) = > T (egis vegi)s (25b)
t=k
k+N—1~

TREKN ) = D (S Kiyg)- (250)
t=k

Associated with the nominal system (20), we have the cost
function Jx (g, O; Vk|k ,0) = Jﬁ(uk;vfj;l) which is pos-
itive definite since @); and R; are positive definite matrices for
allt =0,1,.... Let now fi, = pi, — 24, . From (21) it follows
that ji;, satisfies the dynamics fig+1 = Agfix + Br(vr — nk).

The cost function may then be written in terms of fi as

k+N—-1

D Qe + vy Rever,
t=k

TN (s v ) (26)

where fi, = fir and iy 1, = Agflyr + Bi(ver — n¢) for all
k=0,1,...and t =k, k+1,...,k+ N — 1. When evaluated
at fiy, w1th the optimal control v*‘N ! the cost (26) is given by

*N—1 k+N 1 oxT ) =% T *
JN(/%VW ) =242 fiyy, Qi) + vf)y Bevyy,, where

fge = Fae and fiy g = At'ut|k + Bi(v CH )
Lemma 1: The function V(k, i) = J%(fix; VZ‘JZ !
positive definite and decrescent.

Proof: A straightforward calculation shows that V' (k, p)
can be written as V (k, ) = ' Opp + 1" 0y, + pr where Oy,
is a positive definite matrix that depends on A; and @Q); and 6y,
and py are a vector and a scalar, respectively, that depend on
Qq, Ay, By, Ry, my and v:‘k, fort =k,...,k+ N —1. From the
problem definition, the first five of the previous expressions are
bounded by a bound that is independent of k, whereas vy}, is
bounded because u;“ .. satisfies the chance constraints (14e) and

) is

hence, from Lemma 3 in Appendix A it follows that o, g tl e <
Bu,j forall j =0,...,No—landallt=Fk,...,k+ N — 1.
Hence vjj,, € U which is compact, independent of k. The

result follows immediately. See also Lemma 1 of [51]. |

Lemma 2: Let Assumption 3 hold and let AV (k, ;) =

Vi, i) = V(k + 1 fien) = IR (s vi ) = TR (e
VZIIH;+1) Then, if

~x ~ % T
Mk+N|ka+Nﬂk+N|k + Vg Nk 1 Bh+ N VR N k41

< ok @l + Vi Rivip,  27)

where v n|r41 is an admissible control as in Assumption 3,

AV (k, [11;) is positive definite for all p, = fix, + 24, admitting

a feasible solution for Problem (14).
Proof:  First, note that fix4+; =

V /:LZ+1U€' The cost
difference Jﬁ(ﬂk;vzail) -

Fm (% LG N—1
JN(ukH‘k,ka‘kH), where
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N-1
Viet1]k+1 . .
equivalently written as J3 (fix; v;ﬁ_l) — (JR (s v;ﬁ—l) —
~x T ~ ok * T * M T P
Mk\kaukUc vk|kRkvk\k + Nk+N|ka+Nﬂk+N\k +
U;—+N\k+1Rk+va+le+1>' Therefore, from (27) it
follows that T8 (i, Vi, ™) — TR ik V) >
0. Assumption 3 along with (19) imply that
Fm *N—1 F ok CoN—1

‘{N (/‘k+1>]‘\’]k+11|k+1v) < JN]\([MIi+1|k7Vk+1\k+l)‘ Hence,
Jﬁ(ﬂk?"aki ) - J}Vn(/lk+lvvj>2+ﬂk+1) > 0. u

We are now ready to state the stability result for the nominal
system.

Theorem 3: Consider system (1) where the mean dynamics
E[zr] = pi are given by (20), po = o, Yo = 0, and
Elux] = vg = Uy, is given by the optimal solution to Problem
(14). Given Assumption 3, if inequality (27) is satisfied for
all k = 0,1,..., the closed loop nominal system converges
asymptotically to the reference trajectory x4, , that is, i, =
[L,*;‘k—>0ask—>oo.

Proof: From Lemma 1, V(k, i) = j}\?(ﬂk;v,’;f\;*l)
is positive definite and decrescent. Moreover, inequality (27)
implies that AV (k, i) = V(k, i) — V(k + 1, fig41) is
positive definite along the trajectories of the closed-loop
nominal system, for all ji;, such that p is feasible. Therefore,
using Theorem 1 of [51], it follows that the nominal closed-
loop system is locally asymptotically stable and its trajectories
converge asymptotically to zero, that is, limy_, o0 iy, =0. W

is the control sequence given in (22a), can be

Remark 2: Inequality (27) may be incorporated into the
optimal control problem as a constraint to ensure that the
asymptotic stability condition is satisfied [51]. However, this
may negatively impact the feasibility of Problem (14).

Next, we investigate the stability properties for the system
(1). Since we are dealing with additive unbounded uncertainty,
it is difficult to design a control law that ensures the mean
square stability of the state [15]. Instead, and similarly to [22],
we show that the expected average stage cost is bounded from
above. Specifically, we have the following result.

Theorem 4: Suppose Assumption 3 holds. Then, there ex-
ists £max > 0 such that

n—1
nh_{go -~ go E {€k+t(xk+t|k7uk+t|k>] < lmax- (28)
Proof: See Appendix B. ]

V. CS-SMPC AUTONOMOUS DRIVING IMPLEMENTATION

In this section, we utilize the previous CS-SMPC algorithm
from Theorem 2 for the autonomous racing of a scaled
autonomous ground vehicle, shown in Figure 2.

A. AutoRally Experimental Platform

The AutoRally platform, shown in Figure 2, is a 1/5-scale
autonomous vehicle platform developed at Georgia Tech for
performing aggressive maneuvers on dirt tracks at the limits
of the vehicle’s handling capabilities [52]. The vehicle is rear-
wheel drive and powered by a brushless motor and is capable
of achieving a top speed of 25 m/s. The motor electronic
speed controller (ESC) also features an electronic braking
feature which is currently used as the only means of braking.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

The vehicle uses Ackermann steering driven by an RC servo
motor. The actuators have a maximum update rate of 50 Hz.
The AutoRally platform includes its own onboard computation
utilizing an Intel i7 CPU and NVIDIA GTX GPU. The vehicle
performs state estimation onboard at 200 Hz utilizing RTK
GPS, IMU, and wheel encoder measurements. Additionally,
the vehicle features stereo cameras which can be used to
augment the state estimate by providing a prediction of the
vehicle’s position relative to a known track template.

Fig. 2: AutoRally chassis and compute box [53].

The AutoRally is tested on a dirt track constructed using
0.15-m-diameter corrugated drainage pipe to form the track
boundaries, shown in Figure 4. The track formed by these
boundaries is 180 m long and 4 m wide. The track includes
9 corners ranging in radii from 2 m to 7 m and it’s longest
straight is 32 m long. A racing line is generated for the track
using the iterative quadratic programming method described in
[54]. This method is initialized with a nominal path calculated
as the track centerline between the inner and outer boundaries.
The algorithm then seeks to minimize the curvature of the path
while obeying boundary constraints, that is, the path must not
pass within a given threshold of the track boundaries.

The task of the CS-SMPC controller is to use the vehicle’s
current state estimate, along with the initialization strategy
given by (17) and (18), to determine the optimal motor duty-
cycle and steering angle uy,; at each sampling time to drive
the vehicle so that it follows the racing line around the track,
while providing a specified level of safety with respect to the
uncertainty of the planned trajectory by remaining within the
track boundaries.

B. Vehicle Dynamics Model

A nonlinear nominal vehicle model was developed and its
parameters were calculated using parameter identification. The
system was then linearized about the current and future pre-
dicted operating trajectories to obtain a system of the form (1).

1) Nonlinear Dynamic Vehicle Model

The AutoRally autonomous vehicle is modeled using a rear-
wheel drive, single-track bicycle model. The vehicle kine-
matics are represented in a map-based curvilinear coordinate
system (as opposed to a Cartesian coordinate system), which
provides an intuitive understanding of the vehicle’s position
and heading relative to the track. The state and control
variables are given as

r = [vx,vy,zl},wp,wR,e¢,ey,s]T, u= [5,T]T, (29)

where v, vy, and 1/; are the vehicle’s longitudinal velocity,
lateral velocity, and yaw rate, respectively, and the front and
rear wheel rotation rates are wr and wg, respectively. The
direction error and the lateral distance error from the racing
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line are denoted with e, and e,. The variable s is the
curvilinear position along the racing line in meters. The control
command consists of the steering angle ¢ and the rear-wheel
drive/brake command 7.

The tire friction model uses a combination of the friction
ellipse model described in [55] and a nonparametric model
inspired by [56] to approximate the residual error. The longi-
tudinal and lateral friction forces acting on the tires are given
by

(30a)
(30b)

flw((s? ’Uwavyﬂ/}awFawR) = fizuiwy
fiy (8,02, vy, 0, wp, wRr) = fizptiy + Pi(d, a5),

where f;, represents the normal force acting on the respective
tire, f1;, and p,, are the dynamic coefficients of friction, which
depend on the wheel slips and tire parameters as given in [55],
and ¢ = F), R represents the front or back wheel, respectively.
The function ®,(d, o;), where a; = arctan(v;,/v;;) is the
tire slip angle, augments the friction ellipse model to capture
error seen in the experimental data and is implemented as a
neural network trained using data collected from the vehicle.

The rear-wheel drive/brake control is a nonlinear mapping
to a rear-wheel speed setting. We model the transient response
as a first-order, nonlinear system

d}R = G(WRaT)a (31)

where ©(-,-) is computed by a neural network trained on
experimental data. Thus, the system dynamics can be sum-
marized as

_ frzcosé — frysind + fre

By + vy 1), (32a)
m
2 Sin 0 1) .
by = SO TR OO Ty oy
m
b= (nyCOS($+fF$IS;iIl(5)£F—fRng’ (320)
. r
Wp =~ fr, (32d)
wF
o:)R = @(OJR,T), (326)
. . Up COS €y — Uy SiN €y
ép =1 — p(s), (326)
v 1 p(s)ey
€y = Vg SiN €y, + vy COS €y, (32¢g)
s vxcosewfvysinew7 (32h)

1—p(s)ey
where m is the vehicle mass, I, is the vehicle moment of
inertia about the vertical axis, rr is the radius of the front
wheel, I, is the moment of inertia of the front wheel about
the axle, and p(s) is the curvature of the racing line at position
s along the racing line.

The nonlinear system given by (32) can be succinctly
written as @(¢) = f(z(t),u(t)), where z(t) € R® is the state
vector and u(t) € R? is the control action. The model is
discretized using Euler integration such that

Try1 = Fag,ug) = xp + fag, up) At, (33)

where T = I(tk), U = U(tk), and At = tk-‘,—l — tk.
The discretized system (33) is used for model identification
and control design. The model includes five unknown vehicle
parameters, three unknown tire parameters, and the unknown
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functions O(wg,T) and P;(d,«;), where ¢ = F,R. An
Unscented Kalman Filter (UKF) was employed to estimate
the vehicle and tire parameters following the method outlined
in [57], while neural networks were trained to estimate the un-
known nonlinear functions. The identified nominal vehicle and
tire parameters are given in Table I, where tireg, tirec, tirep
are parameters in Pacejka’s Magic Formula used in the friction
ellipse model given in [55].

TABLE |: Dynamic bicycle model and friction ellipse parameters for
the AutoRally platform and hyper-parameters used for autonomous driving
implementations.

l Par?lim;,ter I ;’;llue l [ Parameter [[ Value |
m (kg N 20
éz ((kgimQ) (1)‘;4 At (s) 0.05

F m . P P

g 0.3 Update Rate (Hz) 4;)
Ve

Iyr (kgm?) || 0.10 Qu 1

rr (m) 0.095 . 20

R (m) 0.12 0 v 20

tirep 4.1 R 20

tirec 0.95 Py 2

tirep 1.1 L

2) Affine Time-varying System

Starting with the current state zj, let the predicted nominal
trajectory be (Zyk, - - . , Lx4N|k) Where &, = 3 and the cor-
responding control sequence be (ugx,- - -, Uk+N—1|k), Such
that it+1|k = F(.’it‘k,at‘k), for t = ]{?, .. .,k} + N — 1. Then,
we can rewrite system (33) as

Tht1 = Apzy + Brug + Tk, (34)
where Ay and By, are given by
oF oF
A = — B, = —
Ul B i (35)
Tk, Uk Tk, Uk
and
Tk = F(Zrk, Ukjrp) — ArZrie — Brig. (36)

We thus obtain an approximation of (33) about the current and
expected future operating points using an affine time-varying
system of the form (34).

3) Disturbance Model

To complete the model we introduce a stochastic term to (34)
that accounts for model inaccuracies, linearization error, and
external disturbances. To this end, we introduce an additive
Gaussian disturbance wj, with zero mean and unit covariance.
We can then write the modified system (34) as in (1)

Remark 3: It should be noted that, contrary to (1), where
the matrices are assumed to be known and given for all £ =
0,1,..., and since we are using a receding horizon implemen-
tation, in our case the system matrices are only known over the
given horizon as future matrices are determined by (35) and
(36), which depend on the future nominal trajectory, which has
not been computed yet. Nonetheless, this is standard practice
in MPC controller implementation that often works well in
most applications. Our experimental results in Section VI-B
show that this is indeed the case for our autonomous racing
problem.
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Since (34) provides a nominal model for the system
and D, determines the covariance of the additive distur-
bance (since wy ~ N(0,I)) we estimate Dy online using
the physical system’s observed deviation from the nominal
model as follows. From the value of z; at step £ > 0
we can estimate the previous disturbances using (34) and
(1) from z 1y = Dywy = wep1 — (A + Byug + 1),
for t = 0,...,k — 1, where k is the current itera-
tion index. We collect all the measurements of 2.y
as Sy|k = {Zk—Ny+1|k—NyaZk—Ny+2|k—Ny+17~~~7Zk\k—1 ,
where N, < £k is the number of previous iterations over which
the sample is stored. Choosing N, = k amounts to keeping
all previous disturbance realizations from each sampling time,
whereas a choice of N, < k, leads to a sliding window in
which the current disturbance Dy, is estimated only from the
N, most recent measurements. Using the fact that E[w,w, | =
I and E[w;] = 0, we can write the covariance of z |
as E[ziy 102 1) — Elzes1eElze1)] T = E[Dywyw/ D] ] =
D:D/.

At each sampling time k, we update the estimate of the
current Dy using the sample covariance of the latest data,
and we predict forward using a time-invariant approximation
over the prediction horizon given by D; =~ Cov(S,;)"/?,
for t = k,...,k+ N — 1, where Cov(Sy;) is the sample
covariance of Sy and the square root is computed using
Cholesky decomposition. This means that the disturbance ma-
trix Dy, is time-varying between sampling times, but constant
over any given prediction horizon. This is because the future
disturbances are estimated purely from previously observed
disturbances and are considered to be independent of the state
and the control.

T
t4+1)t

C. Cost Function and Constraints

Since the state (29) expresses the vehicle’s position in terms
of the racing line, the controller objective is to drive e, and ey
to zero, while trying to maintain v, to a given target velocity.
An additional cost can be placed on v, to minimize side-slip;
however, this would restrict aggressive cornering, as the latter
tends to induce large side-slip angles at high speeds.

The cost function is therefore chosen such that zg =
[’ng ,0,0,0,0,0,0, 0]T7 Qk = diag(sz ) va ,0,0,0, Qewv
Qe,,0), Ry = diag(Rs, Rr), where Q,,, is the velocity cost,
Qy, is the side-slip cost, Q). is the heading error cost, Q.,
is the off-path error cost, Rs is the steering cost, and Ry is
the throttle cost. The chosen values for these parameters are
shown in Table 1.

The target velocity is varied according to the curvature of
the racing line using the function

(37

Vg, = Ug,max — |p(8k)|vg,max7

where p(sy) is the curvature of the nearest point on the racing
line to the current state. For our track, the curvature is bounded
by 1 and (37) implies that the target velocity is varied in the
range (0, vy max). slowing down according to the severity of
a curve.

The parameters for the chance constraints are chosen to
provide the desired probability of the vehicle trajectory to
remain within the track boundaries. The track boundaries
are represented using two chance constraints (one for the
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inner boundary and one for the outer boundary), given by
Pr(ozeTya:k < Be,) = 1 — py1 and Pr(a;zk > —fe,) >
1 — Pz,2, with Qp1 = Qg2 = Qe 61’,1 = Bm,Q = Beys Ey, =
Qe, Tk, Pe, = 0.5 x (track width), and p,1 = py2 = 0.1
design parameters chosen to provide a suitable level of safety.

The control constraints are designed similarly to keep the

actuator commands within the limits imposed by the hardware.

D. Feedback Matrix Offline Computation

To run the original CS-SMPC algorithm on the AutoRally
platform, one needs to solve the convex problem (A.5) on-line
at each time step. The current AutoRally hardware does not
allow solving this convex problem at a sampling frequency
that would be sufficient for driving fast around the track.
Due to the periodic nature of the autonomous racing task,
however, it is possible to pre-compute the feedback matrices
in a simulation environment described in the following sec-
tion and store them in a look-up table, namely, as Sxg =
{Ko,.fo;[?l,.fl;,...;[_(NK,i‘NK}, where Kl = K* is the
optimal K from the solution of Problem (A.5) for the initial
state T; = z;; and i = 0,1,..., Ng. During runtime, the
optimal feedback matrix is chosen as K, = K; such that j =
argmin,(||zx — Z;||), where ), is the current realized state
and K is the feedback matrix applied during the current
optimization step. The on-board calculation is then restricted
to the calculation only of the feedforward control action V*.
A C++ implementation of this scheme is able to run on the
AutoRally at 40 Hz.

E. Simulation Environment

To support the development and validation of the proposed
CS-SMPC controller, a custom high-fidelity simulation en-
vironment was created, shown in Figure 3, which acts as a
seamless replacement for the physical hardware. We used the
commercial vehicle simulation software CarSim [58] as the
simulation back-end, integrated our own hybrid friction model
described in Section V-B.1, and added a ROS front-end for
communication with the controller. Thanks to the ROS front-
end, the simulator communication with the controller is iden-
tical to that of the physical AutoRally platform, allowing the
same controller implementation to be tested interchangeably
with the actual vehicle or the simulation environment.

Linux Environment

- . [ Simulation Loop

CarSim Solver

CarSim GUI defines simulation details:
Vehicle properties, environment,
import and export variables, etc

o

carsim

Configuration

loaded by CarSim ! |carSim solver exports state information,

evaluates the friction model,
. and imports friction forces and | APIs
"\ \_controls to propagate the model| Friction

- Model
- N
I a .

+ROS Node .

State and control transmitted
as ROS messages

State  control

ROS Nodé-.

{ | Controller

Fig. 3: AutoRally simulation environment.
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The controller communicates with the simulation environ-
ment (equivalently, the physical AutoRally vehicle) using a
custom chassisCommand ROS message, which includes
values for the steering command (J) and throttle command (7).
The simulation executes these commands by calculating the
predicted friction forces using the friction and throttle models
described in (30) and (31) and the wheel friction forces are sent
to CarSim, which then propagates a high fidelity vehicle model
using the AutoRally’s vehicle parameters. These vehicle pa-
rameters include those of the dynamic bicycle model identified
in Section V-B.1 along with additional parameters necessary
for a double-track full-vehicle model which can be measured
directly or are given in the manufacturer specifications of the
AutoRally’s components. The updated state is published as
a standard ROS Odometry message which is consumed by
the controller to update the current state estimate for the next
planning iteration.

VI. RESULTS

To demonstrate the performance of the proposed covariance
steering stochastic MPC (CS-SMPC) algorithm, we compared
it with the Model Predictive Path Integral (MPPI) algorithm
[2], a state-of-the-art sampling-based MPC controller. The
main advantage of CS-SMPC over MPPI is the explicit en-
coding of the chance constraints, which provide a quantifiable
measure of safety of the planned trajectory. MPPI only im-
plicitly accounts for constraints by incorporating them in the
cost function. On the other hand, MPPI is more versatile, as
it can handle general nonlinear dynamics and costs. However,
since it is based on trajectory roll-outs, MPPI’s performance
is heavily dependent on the number of sampled trajectories.

Flg 4: CS-SMPC AutoRally experimental evaluation.

In prior work, a simple nonparametric vehicle model of the
AutoRally was used with MPPI to allow for fast trajectory
predictions utilizing the power of GPU hardware for efficient
parallelization [2]. In this work, we compare both methods
using the high-fidelity dynamic vehicle model presented in the
previous section. Working with this model is computationally
more expensive but provides better prediction accuracy. We
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tuned MPPI to sample as many trajectories as possible, while
having the same update rate as CS-SMPC. Therefore, both
controllers use the same model and parameters, so their differ-
ences lie entirely in the representation and solution methods.

A. Monte Carlo Simulations

Because the CS-SMPC controller explicitly considers dis-
turbances when designing the optimal control, it is able to
provide robust constraint satisfaction. On the other hand, a
deterministic formulation only satisfies constraints for the
nominal, undisturbed trajectory. Therefore, a key advantage
of the CS-SMPC controller is a systematic way to trade off
performance for safety.

The robustness of the CS-SMPC controller was tested via
100 simulated runs of length 1 lap each in the simulation
environment shown in Figure 3, with each controller at a target
speed of 6 m/s. In each run, the simulated friction parameters
(tirep, tirec, tirep) in Table I, as well as the steering and
throttle inputs ¢, 7' were randomly varied as Ag, ~ N(0,0.1),
where 0; = éz(l + Ay,), where 0; is a given vehicle model
parameter or input, and 6, is the nominal value used by the
controller. In other words, both controllers used the nominal
parameters to design the control policy, but the simulation was
carried out with random variations of these parameters.

As shown in Table II, CS-SMPC has the lowest crash
instance count, while also driving faster than MPPI. Moreover,
Figure 5 shows that CS-SMPC has the smallest spread in
the realized trajectories and consistently maintains the same
speed through the same sections of the track between different
runs with different vehicle parameters, demonstrating greater
robustness to the disturbances.

TABLE II: Comparison of controller safety over 100 Monte Carlo simula-
tions.

‘ Metric H MPPI  CS-SMPC
Crashes (/100) 11 3
Ave Speed (m/s) 5.10 5.54
Ave Lap Time (s) 28.64 27.82

S E]
speed (m/s)
¢

@

20 30

10
X (m)

(a) MPPI
Fig. 5: Visualization of all simulated trajectories.

(b) CS-SMPC

B. Experimental Evaluation
1) Autonomous Racing with the AutoRally

We next compared the performance of CS-SMPC with MPPI
on the physical AutoRally platform at the Georgia Tech
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(a) MPPI

(b) CS-SMPC
Flg 6: Experimental trajectories on the AutoRally dirt track.

Autonomous Racing Facility (GTARF) dirt race track, shown
in Figure 4. Although the vehicle model was identified using
data collected from the dirt track, it is difficult to model the
vehicle sliding, slipping, etc at high speeds while performing
aggressive maneuvers at the limits of the vehicle’s handling
capabilities. Additionally, the track contains rocks and ruts
that cannot be modeled and affect the vehicle’s performance
at high speeds. Therefore, this task necessitates a controller
that can account for uncertainty in the vehicle dynamics and
responds to disturbances, making this platform an ideal test
bed for stochastic MPC approaches.

With the parameters in Table I fixed, and for both con-
trollers, we initially tested with a target speed of 3 m/s and
increased the maximum target speed until the car could no
longer reliably complete a lap around the track. The results
from the highest speeds at which each controller could reliably
complete the entire track (7 m/s for MPPI and 9 m/s for CS-
SMPC) are presented here. It should be noted that as the target
speed is increased, both controllers increasingly deviate from
the racing line, as it becomes more challenging to manage
the vehicle slip while driving at high speeds and under large
lateral and longitudinal accelerations. Even at a 2-m/s-higher
target speed than MPPI, CS-SMPC manages to do a better
job at minimizing the off-path and heading errors (e, and e,
respectively). At target speeds higher than 7 m/s the MPPI
controller becomes unstable and is unable to reliably complete
a lap without colliding with the track boundaries.

As shown in Table III, CS-SMPC is able to safely achieve
a higher maximum speed than MPPI, and also complete the
laps with a faster average speed and lower lap time. Photos of
the test with CS-SMPC are shown in Figure 4 and a video of
the test can be viewed at https://youtu.be/1ms5fctfAYs.

Additionally, as seen in Figure 6, CS-SMPC maintains a
smoother and more consistent trajectory than MPPI, while
simultaneously driving at higher speeds. This demonstrates
that CS-SMPC is more robust to disturbances and safely
captures the dispersion of trajectories to remain close to the
racing line. Finally, Figure 7 shows the acceleration profiles of
the AutoRally running CS-SMPC, as measured by the onboard
IMU. The theoretical maximum acceleration for the given tire
model is 10.8 m/s?, indicating that the vehicle indeed reaches
the limits of friction in many sections of the track.

The superior performance of CS-SMPC over MPPI can be
attributed to the disturbance representation and the different
solution methods used in these two approaches. CS-SMPC
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Flg 7: Measured acceleration magnitudes from experimental results with
CS-SMPC on the AutoRally dirt track.

TABLE III: Experimental comparison of controller performance.
’ Metric H MPPI  CS-SMPC
Max Speed (m/s) 7.0 8.7
Ave Speed (m/s) 4.6 52

Min Lap Time (s) 40.1 354

explicitly models the uncertainty in the vehicle dynamics and
solves a convex program. MPPI, on the other hand, does not
model the system uncertainty, but rather it injects a disturbance
into the control input to search for the optimal control using
a sampling-based method.

Flg. 8: Surrogate 1 is an autonomous Ford Escape.

2) Obstacle Avoidance with a Full-Scale Vehicle

Having demonstrated the performance of CS-SMPC while
performing aggressive maneuvers in the dynamic friction
regime in an autonomous racing scenario, in this section, we
demonstrate the use of the CS-SMPC algorithm in a more
conservative, but nonetheless still challenging, autonomous
driving task.

While the small size of the AutoRally platform allows
to perform aggressive maneuvers that would be difficult to
reproduce on a real vehicle due to safety concerns, commercial
applications of autonomous vehicles pose their own unique
challenges. For example, RTK GPS provides accurate position
measurements that overcome the drift encountered from other
measurements. However, a reliable GPS signal is not available
in environments where the horizon is heavily occluded. In
such GPS-denied cases, other localization methods are nec-
essary and the vehicle’s controller must be able to respond
to inaccuracies in the state estimate. Additionally, while on
a race track the boundaries are known ahead of time and no
obstacles may be expected when merely performing time trials,
in commercial applications dynamic obstacles may appear
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suddenly in the vehicle’s planned path, requiring the controller
to react quickly to swerve and avoid these obstacles and then
reconnect with the reference path, as shown in Figure 9.
Our full-scale vehicle implementation of CS-SMPC addresses
these two challenges, namely, unreliable state estimation and
dynamic obstacle avoidance.

occupancy grid in point eloud in point cloud in
robot frame global frame map coordinates

ﬁiﬁ@ F/ ~ (

Obstacle is localized Optimal trajectory is
relative to global target  recomputed with respect
path to determine to tightened lateral

R . y

tightened state
constraints on e,

Previously optimal
trajectory intersects
newly detected obstacle

Obstacle is detected
in global target path

target path consiraint oceupancy planned
. to follow . Obstacle . corridor D grid . trajectory

. robot
Fig. 9: Obstacle avoidance pipeline.

We implemented CS-SMPC on a full-scale autonomous
Ford Escape at the Autonomous Solutions Incorporated (ASI)
facilities in Utah, shown in Figure 8. The vehicle was tested
in a GPS-denied environment, relying solely on radar and
inertial measurements for localization. We used CS-SMPC
to navigate the vehicle around the test track by following a
static target path and avoiding dynamic obstacles which were
detected online by LIDAR and may appear in the vehicle’s
static goal path. That is, given a global plan that navigates
through a known environment — but which does not account
for dynamic obstacles which may appear in the vehicle’s
path — the controller must reroute the plan online around
obstacles that appear within the vehicle’s field-of-view, while
minimizing deviation from the global plan.

| A e =

Fig. 10: GPS-denied navigation and obstacle

i

avoidance using CS-SMPC.

To perform obstacle avoidance no additional planner was
employed beyond the global planner which outputs a static
path around the test track, irrespective of any obstacles on
the track. The task of responding to an obstacle is left to the
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CS-SMPC algorithm, which encodes the global path through
the cost function as described in Section V-C and accounts
for the obstacles using chance constraints. The advantages of
our approach over a more traditional re-planning and tracking
paradigm are twofold. First, we avoid reliance on an online
planner that may not be computationally feasible at high
update rates which are needed for avoiding dynamic obstacles
appearing suddenly in the vehicle’s path. Second, the decision
of acceptable proximity to an obstacle is determined through
the chance constraints as opposed to through a heuristic (e.g.
a fixed distance) and without the need for a stochastic online
path planner (which may be computationally demanding).
Since the chance constraints must define a convex safe region,
an obstacle-free corridor was constructed online using the
LIDAR measurements, the edges of which define the chance
constraint boundaries with respect to the lateral distance from
the global path as shown in Figure 9. Although the region is
non-convex in Cartesian space, it is convex in terms of the
lateral distance from the global path (i.e., ey).

Snapshots of the field experiment at the ASI facilities are
shown in Figure 10. A video of the test may be viewed
at https://youtu.be/248S_eNz_Tw. The results in Figure 10
and the corresponding video show that CS-SMPC is able
to successfully respond to an obstacle (barrel) placed in the
vehicle’s path and find an obstacle-free path around it, while
providing a buffer corresponding to a prescribed degree of
safety as determined by the provided chance constraints. The
obstacle avoidance is performed in an optimal fashion that
minimizes deviation from the global target path, and is able
to successfully reconnect with the reference path to continue
around the test track once the obstacle has been cleared.

VIl. CONCLUSIONS AND FUTURE WORK

This paper proposes a stochastic MPC (SMPC) approach
for the control of uncertain linear systems subject to Gaus-
sian noise and chance constraints using covariance steering
ideas. The proposed Covariance Steering Stochastic MPC (SC-
SMPC) algorithm demonstrates several safety advantages over
existing SMPC methods by explicitly shaping the terminal
state distribution of future trajectory realizations. The practical
usefulness of the approach is demonstrated with experiments
on the 1/5-scale AutoRally platform and on a full-size com-
mercial vehicle in autonomous driving tasks.

For the success of the proposed method, an accurate nominal
model of the vehicle and a faithful and realistic representation
of the disturbances and the chance constraints must be avail-
able. This invites several possible future research directions to
extend the proposed methodology. For instance, uncertainty
can be reduced by improving the model by incorporating
information learned about the changing driving conditions,
leading to less conservative trajectories. Exploring modern
learning methods to improve the vehicle and uncertainty
models online using data collected while driving is therefore
a natural next step. Along the same lines, future work may
also explore the case when uncertainty directly affects the
system model matrices, and not only by entering the system
as additive Gaussian noise.
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APPENDIX A
PROOF OF THEOREM 2

First, we introduce the following well-known lemma [38],
[59], which is easy to show and hence we state it without a
proof.

Lemma 3: Let x be a scalar random variable such that x ~
N (11, 2). Then the chance constraint

Pr(z <f)>1-p, (A.D)
holds if and only if the following inequality holds
p+ VIS (1-p) - B <0, (A2)

where ®(-) is the cumulative distribution of the standard
normal distribution. Furthermore, if p € [0,0.5) then ®~!(1—
p) > 0 and (A.2) implies that u < 3.

To prove Theorem 2, we first rewrite the system dynamics
in a more convenient form. Following [43], it is straightfor-
ward to obtain the following equivalent form of the system
dynamics (14b)
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state is X =
€ RW+Dne  the augmented

where the augmented

[I;cr\k’ka-+1|k""7xZ+N|k]T
control vector is U = [u;—‘k,ugﬂ‘k,...,ULN_H,C]T €
RN™  and the augmented disturbance
W o= wl,wly,...,wly_)" € RN", and
where A c R N+1)71,T,><71,T,, B c }R(N—‘,-l)ngcanu,7
D € RWHDnexNnw and R € RWHD7 are augmented
system matrices, the explicit expressions of which can
be found, for example, in [43]. From (2) and (3) it is
easy to see that the initial condition and noise vector W
satisfy Elzy W] = O.E[WW'] = Inn,,Elzypa),] =
Sk + prpy . Introducing the auxiliary matrices Fy_j =
|:0TL1»7(t—k))TLz’Inw70nm7(N—(t—]€))nm:| € R X (VD and
Fito = [0py (t—kynus Inus Ony (V= 1) (t—k))ny | € R XN
we have that the state and control at time step ¢ can be
expressed in terms of X and U via x;, = F; xX and
uyp = Fy kU where t =Fk,...,k+ N.

Using the previous definitions, it is straightforward to show
that Problem (14) can be written as

vector is

min E (X - X,)"Q(X - X,) +UTRU], (A.4a)
subject to

X :A(Ek‘kﬁ-BUﬁ-IDWﬁ-R, (A.4b)

ek ~ Nk, Zi), (A4c)

Pr(ag Bk X < Bri) 21— o (Add)

Pr (o jFr kU < Buj) 21— puy, (Ade)

ENE[X] € XY, (A.4f)

Yy = Ey (EXXT] - E[X]E[X]T) EX, (A.4g)

where the augmented target vector is given by

X, = [x;,x;+l,...,x;k+N]T, where _Q —

blkdiag(Qk,...,Qr+N—-1,0), and where R =

blkdiag(Ry,..., Rg+n—1). Note that, because Q; > 0

and R; > 0, it follows that Q > 0 and R > 0.
Problem (A.4) can be converted to the convex program

13/1111;1 In(pr, Zr; V, K)
=tr [(I+BK)'Q(I +BK)+ K'RK)%,]
+ (App +BV + R — X,)'Q(x) + V'RV, (A.5a)
subject to
o By i (Ap + BV +R)
+ ISV + BE)TE o |27 (1 — pay)

—B,i <0,  i=0,...,N,—1, (A.5b)

oy BV + 82K TET o127 (1= puy)

~Buj <0,  j=0,...,N.—1, (A.5¢)

En (App +BV +R) € XV, (A.5d)

Y = Ex(I+BK)S,(I +BK)"Ey, (A.5e)
where, ¥, = AX A" + DD', and where V =
[v,;rlk,...,v,;r+N_1|k]T, X, = [I;kj"" ;HN]T, K =

[blkdiag(Kpyjk, - - -, Kpyn—1x),0], Q = blkdiag(Qy, ...,

Qk+N717 Onzxnz)’ and R = blkdiag(Rk, .o ,RkJrN,l).
All steps to convert Problem (A.4) to Problem (A.5) have

already been discussed in our previous work [38], [39], except
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for the conversion of (A.4e) to (A.5c), which we describe
below, because neither [38] nor [39] include input constraints.

To this end, notice that using the control law (15), the
control sequence U in (A.4e) is reprTesented asU =V+KY,
where Y ly,;rk yl:—+N|k] . It follows from (15b)
that Y = Ykl T DW, and thus, using the facts that
Elygx] = 0, ]E[ykmy;;ﬂk] = %, and Efy,,W'] = 0, one
obtains E[Y] = 0 and E[YY "] = %,. Therefore, E[U] = V
and E[(U — E[U])(*)"] = KX,K . The inequality (A.de)
can be rewritten as

Pr(ay ;Foy(VA+KY)<Buj) >1—puj.  (A6)

Notice that aT Fi-k(V + KY) is a Gaussian distributed
scalar random Varlable with mean a Ft +V and variance
a u,j Fr—k K3y KT F _ 0y, ;. Using Lemma 3 we obtain that
(A.6) is equivalent to the inequality au’th_kV Bu,j +
\/a B KS,KTF, o, ;@ (1 —p, ) <0, which can
be readlly converted to (A.5c¢). Since p, ; € [0,0.5) and p,, ; €
[0,0.5), the constraints (A.5b) and (A.5c) are convex [38],
[59].

Finally, the terminal covariance constraint (A.5e) can be
converted to a linear matrix inequality (LMI),

D En(I + BK)%,/?

=0,
2y/*(I + BK)TE}; I -

(A7)

which is a convex constraint in terms of the matrix K.

APPENDIX B
PROOF OF THEOREM 4

To simplify the proof, we assume that the cost matrices
and the goal state are constant. That is, for all ¢t = 0,1,...,
we assume that Q; = @, R; = R, and 4, = x4, and thus
l(+,-) = £(-,-). Note, however, that the proof still holds for
the time-varying case, provided the cost matrices and the target
vector are bounded as per the problem definition.

Using (24)-(25), the cost JN(“Z-{-l\kv N-1 ),

F 115 W 1 1)

where ug-s-_11|k 41 is defined in (23), can be written

* * N 1 * *
as JN(Uk+1|k7Ek+1|k’ W 1) ‘]N(:uk|k7
k) g S Vi Kpp) - E(Mk-'rNUc’
2k+N|kavk+N|k+1aKk+N\k+1); where ('uZIk’Zklk) =
(tk,2r) and the pair (ug,Xx) is given by the

initialization (19). Hence,

JN(Nk+1|kka+1\kauk+1|k+1) JJ?(NZWEZ\/«)
+ E(/Jk:\k’ Xtk Vo Kk
= tr(Q%% vp) + Vi N k1 B Uk N R4
+ 2 (RE oy Nk 1 Dy wpies KR N 1)

* T *
+ (Mg ne — Tg) Q@ (Wit npk — Tg)-
w

Let now Jily = maxuexu[(,u — 24)"Q(u — z,4)]. Since
zg) " Q(Mk+N\k

) < Jmax and the last term in (B.8) is bounded by Jmax
Slmllarly, since ¥}, Nk = Xy, it follows that the first term in
(B.8) is bounded by tr(QXy).

(B.8)

PNk € X , it follows that (uk+N‘k
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By Assumption 3, vpyng41 and  Kpynppq1  are
feasible controls, meaning that wujynjp41 satisfies the
chance constraint (14e). Furthermore, ujynjk41 ~

/\/‘(v,H_N‘kH, EUHNWH) and, from Lemma 3, it follows that

T T -1
Qy jVk+N|k+1 T \/au,jzuk+1\r|k+10‘u7j o (1 - pu,j)
—Bu; <0, 7=0,...,N.—1, (B.9)
_ T .
where Zuk+le+1 = Kk+N\k+1Eyk+mk+1Kk+N\k+1 Since

Pu,j € [0,0.5) the previous inequality implies, in particular,
that, for all 7 =0,. -1,

- Bu,j S 07

or equivalently, vi4 n|r+1 € U. It follows that the second term
in (B.8) is bounded by JY. = max,cyv' Rv. Similarly,
(B.9) implies that

aI,jvk+N|k+1 (B.10)

2
T Bu.j
Oéu,jzuk+N|k+1a’U«,j < (W) , (B.11)

and therefore the third term in (B.8) is bounded by JE, =
maxsy,, egtr(RZ ) where S = {Zu ay Yyt <
b/ 2T = pug)® G =0, Ne = 1),

Let § = Jmﬁ,x + tr(QZf) + JV. + JE . Since
* * * 1 .
JN(ﬂk+1|kka+1|k) < JN(M;CHWEkﬂ‘k,ukﬂ‘kﬂ) it fol-

lows from (24) and (B.8) that

Ell(zxx, Ui*c\k;)] < JXI(MZW EZUC) - JXT(/‘ZJerv ZZ+1|1@) + 0,
EV@ZH\M“ZHW] < J;f(:U'ZJrUk? Z+1|k)
- J;I(NZ-;-QW 27;4-2\1@) + 4,

E[l(@h 1)k Wetrn—116)] < INHhtn—11k> Shtn—1)x)
- J;’(M;;Jrnww E;;Jrn\k) + 57
and thus,

n—1

1 * *
n Z E[E(xk+t|kvuk+t|k)]
t=0

1 * * * *
< E(JN(Mk,Ek) - JN(Hk+n|k7Ek+n|k)) +9

1
< ﬁJXI(/Jk»Ek) + 9, (B.12)

where for the last inequality we used the fact that
JN(“k+n|k’Ek+n|k) > 0. The result now follows by taking
lmax = 0 and letting n — oo.



