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Computationally Efficient Covariance Steering for Systems Subject to
Parametric Disturbances and Chance Constraints

Jacob W. Knaup and Panagiotis Tsiotras

Abstract— This work investigates the finite-horizon optimal
covariance steering problem for discrete-time linear systems
subject to both additive and multiplicative uncertainties as
well as state and input chance constraints. In particular,
a tractable convex approximation of the optimal covariance
steering problem is developed by tightening the chance con-
straints and by introducing a suitable change of variables. The
solution of the convex approximation is shown to be a valid
(albeit potentially suboptimal) solution to the original chance-
constrained covariance steering problem.

I. INTRODUCTION

Covariance control examines the problem of driving a
stochastic system from a given initial distribution to a
specified final distribution. The problem has been previously
studied extensively for the infinite-horizon case [1]-[3], but
has only recently been studied for the finite-horizon case
(referred to as covariance steering). Specifically, in [4]-[7],
the authors introduced the finite-horizon covariance steering
problem. In [8], [9], the authors added expectation con-
straints, reference [10] introduced state chance constraints,
and in [11] the authors considered hard input constraints.
Additionally, covariance steering has been applied to robotic
path planning in [12], [13], differential games in [14], and
re-entry, descent, and landing tasks for space operations
in [15]-[17]. However, most recent work on covariance
steering focuses on linear systems subject only to additive
noise, where the initial and final distributions as well as the
noise characteristics are given as Gaussian distributions. A
few notable exceptions are [18], which considered additive
generic (non-Gaussian) noise, and [19], [20] which consid-
ered covariance control for nonlinear systems.

We examine the problem of steering a stochastic linear
system from an initial distribution characterized by its first
two moments to a given terminal mean and covariance
in finite time, when the system is subject to parametric
uncertainties (i.e. the disturbances enter both multiplicatively
with the state and control as well as additively). Although
the problem of steering the first two moments of a linear
system subject to state and control chance constraints and
mixed additive and multiplicative noise from initial to given
final conditions is, in general, nonlinear, this work shows
that the problem may be represented by a tightened con-
vex problem formulation, similar to that used for a model
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predictive control scheme in [21], the solution of which
ensures the satisfaction of the original problem’s chance and
terminal constraints. Therefore, the optimal solution of the
convex reformulation is an admissible (albeit potentially sub-
optimal) solution of the original nonlinear program.

During the preparation of this manuscript, the authors
became aware of a similar study [22]. The authors of
[22] also studied the covariance steering problem for linear
systems affected by multiplicative disturbances and solved
the problem using semi-definite programming. However, the
work of [22] assumes multiplicative disturbances affecting
the state and control and the additive disturbances are all
mutually independent, which simplifies the covariance prop-
agation. Contrary, the current work does not assume that
the disturbances affecting the system at a given time step
are independent of each other. Additionally, the proposed
approach in this paper includes chance constraints in the
problem formulation and shows how they can be ensured
using Boole’s and Cantelli’s inequalities and incorporated
into the semi-definite program using a linear bounding tech-
nique, whereas the work of [22] does not address chance
constraints.

This paper employs several standard notation practices. A
random variable drawn from a normal distribution with mean
p and covariance matrix ¥ is denoted by z ~ AN (p,X).
E[-] denotes the expectation operator, and Pr(z) denotes the
probability of event z. I,, denotes the n x n identity matrix,
and tr(-) denotes the trace operation. A symmetric positive
(semi)-definite matrix is denoted by M > 0 (M > 0).

II. PROBLEM FORMULATION

Consider the system
Tit1 = Arzr + Brug + di, (1)

where z;, € R", u; € R™=. Let the initial conditions be
given as E[zg] = pr and E[(zo—E[xo])(z0—Elxo]) ] = 37,
where ¥; > 0. Additionally, the system matrices are com-
prised of a constant, known component, and a time-varying
stochasti_c component given by A’i = A + Z;’;l Ajqj ks
Bk = B+ E;n:l Bij,k, dk =d+ ZT:l djq]',k, where
¢k ~ N(0,1), for all k = 0,1,..., is a Gaussian white
noise. Therefore,

1 where jl = jg and kl = k?g,
E|g; ; = 2a
[qh’qum’kZ] {O otherwise. (22)
Furthermore, we assume
E[zrg;x] = E[zg]E[g; %] =0, (2b)
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]E[’U,kqj"k] = E[u

for k =0,1,...
considerations.

The state and control inputs in (1) are subject to the chance
constraints

k/Elgjx] =0,

m which stem from causality

(20)

’j = 17"'7

Pr(zp € X) >1—p;, Prupel)>1—p,, 3)

forall k=0,1,...,N — 1, where X C R" and /Y C R™
are convex sets and p,,p, € (0,0.5) are given maximal
probabilities of constraint violation. We further assume that
the sets X and U/ can be written as an intersection of a finite
number of linear inequality constraints as follows

N

X £ m {a: O‘I,imx < Buin } 5 4)
ie=1
Ne

us ﬂ {u : a;r’“ u < ﬂuzu} , (5)
iu=1

where a;;, € R" and «,,;, € R™ are constant vectors,
and 3;;, > 0 and 3, ;, > 0 are constant scalars.

We wish to steer (1) to a given final mean pur € X and
covariance Y >~ 0 at time N, such that

Elzn] = pr, El(zy —E[zn])(zy — Elzy]) '] =

while minimizing the cost function

EF7

J(pr, Eryuo, - un—1) lzﬁ T, U ] (6)

In particular, we will examine the case where (-,
quadratic form

-) has the

lz,u) =2 Qr +u' Ru. 7

The problem may thus be summarized as follows. Given
Wi, 21, b, 2, determine the control sequence u =
{ug, ..., un—1} that solves the following finite-time, optimal
covariance steering problem

N-1

mln J(ur, X5 Z Ty QCEk + Uy TRu |, (8a)
k=0
subject to
E[zo] = pr, (8b)
E[(zo — E[zo])(zo — Elzo)) '] = X1, (8¢)
Tpy1 = Z/ngk Tr + B+ZBJQJ/<: Ug,
= =
+d+Y digjk, k=0,...,N-1 (8d)
j=1
Pr(zp e X)>1—-p,, k=0,....N—1 (8e)
Pr(uy €U)>1—py, k=0,...,N—1 (8f)
Elzn] = pr, (8g)
E[(zy — E[zn])(zy — Elzn]) '] = Zp. (8h)

> (A;%4, A] + AjS00, B + B;%],

Z(Ajjk + Bjﬂk + Cij)(Aj.’Z'k + Bjiiy, + dj)T
=1

III. COVARIANCE STEERING CONTROLLER DESIGN

We now turn our attention to formulating a computation-
ally tractable approximation of Problem (8) using standard
relaxations, the solution of which will provide a (suboptimal)
feasible solution to the original problem. Specifically, we
first formulate Problem (8) as a deterministic optimal control
problem by evaluating the expectations in (8a)-(8h) and
derive explicit expressions for the propagation of the system
mean and covariance. Additionally, we use Boole’s inequality
and Cantelli’s inequality to approximate the chance con-
straints (8e)-(8f) as deterministic inequality constraints. We
then show that the deterministic problem can be cast as a
convex programming problem by performing a change of
variables, tightening the chance constraints, and relaxing
the terminal covariance constraint (8h) to a linear matrix
inequality (LMI) constraint.

A. Expectation and Uncertainty Propagation
We may write the nominal system as
E [2r41] = E[Apwy + Brug + dy]

= E[( A+ZAJW zp + (

B Z JQJk
Jj=1 Jj=1
Z 5.1]- )

Using the independence of the disturbances (2) and the fact

that E[g; ] =0 for all k =0,1,... and j = 1,...,m, the
nominal system is given by
Tri1 = Az, + Bay, +d, (10)

where T, = Elzg] and @y, = Efug].

Next, let us define the deviation of the stochastic system
from the nominal dynamics as ¥y = x) — Zx. The error
dynamics are given as

Ty = A%y, + By,
+ Z Ajg;nan + Z Bjq;ruk + Z digjk, (1)
j=1 Jj=1 Jj=1
where up = wup — uy. Considering (2), the covariance

dynamics are given by

Sop, = AL, AT+ AY,, BT+ B AT+ B%,, B'

Tr41

Al + B;2,, B])

LUk

=1

12)

where %, = E[(ur — E[ug])(us, — E[uz]) '], and X, =
E[(z —E[zg]) (ur —E[ug]) 7] are properties of the particular
control policy under consideration.
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B. Control Policy

Rather than optimizing over control actions, we optimize
over control policies. In order to steer the mean and covari-
ance of the system dynamics, we propose the following affine
state-feedback control policy

ugp = LTy + cp, (13)

where L € R™*"= and ¢, € R™ are new optimization
variables, for k = 0,...,N — 1. Thus, 4y = ¢, Xy, =
Lk.Eka;r, Yrpu, = Eka;, for k=0,...,N — 1.

C. Deterministic Reformulation

We are now ready to formulate a deterministic approxima-
tion of Problem (8). First, the expectation of the stage cost
function (7) can be written in terms of the mean and co-
variance as E[{(xy, u;)] = Z] QTr +tr(QX,,) + 1, Riy +
tr(RY,, ). Next, using Boole’s inequality [23] and (4)-(5),
conservative approximations of the chance constraints (3) are
given by the inequality constraints

Pr(a,, or < fri,) 21— Do, iz =1,..., Ny, (l4a)
Pr(a); ur < Buin) > 1= puins iu=1,...,Ne, (14b)
where pg ;. ,Dui, > 0 are such that Z 1Dz, < Dz

SV puss < pu forall ko= 0,1, N — 1. We
introduce the following lemma to convert (14a) and (14b)
to deterministic inequalities.

Lemma 1 ([24]): The state chance constraints (14a) are
ensured by the tightened deterministic constraints given in
terms of the mean and covariance as

_ 1—pzi,
a;izxﬁ,/a;ixz%aw,iﬂ/—p 2 — By, <0, (15)
T,z

where i, = 1,...,Ns;, k = 0,...,N — 1. Likewise,
the input constraints (14b) are ensured by the tightened
deterministic constraints given in terms of the mean control
and control covariance as

1—pu

o /s wiu

Qi Uk + Eu;wo"tu i “ =
pu,iu

where i, =1,...,N., k=0,..., N — 1. Furthermore, the
satisfaction of the original chance constraints (3) is ensured
by the satisfaction of (15) and (16).
Proof: Due to space limitations, the proof is omitted.
However, the proof may be found in [24], [25]. |
Thus, a deterministic version of Problem (8) is given by

Bui, <0, (16)

N-1
= > 7 Quik + tr(Qr2s,)

k=0
+ @} Ryty, + tr(RLY,,) (17a)

min  J(ur, ;¢ L)
c,L

subject to
Zf():/l[, Zl‘o 2217 ‘fN:/J'F7 E.’EN :EFa (17b)
Tpy1 = ATy, + By, + d, (17¢)
Sop, = AL, AT+ AY,, BT+ B, AT +B%, BT

m

(420, A + A;%00,B] + B;X]

TpUk

Al + B;%,, B])

Jj=1

+ > (Ajzx + Byig + dj) (A2, + By, +d;) T, (17d)

j=1

,ak) = Cg, Zu;‘ - Lkzkak; ) xkuk = Esz (176)
_ DPzx.i,

O‘a—cr,izxk =+ El‘kaﬁt z,\/T Be i <0, (171)

_ P “
al—»iuuk + u iy ukau Ty \/7 ﬁu iy <0, (17g)
Uiy

fori, =1,...,Ns, 9y =1,...,N,,and k =0,...,N — 1,
where ¢ = {cg,...,cy—1} and L = {Lo,...,Ly_1}. We
denote the optimal solution of Problem (17) as (c*,L*)
which generates the stochastic control sequence given by
uy, = Lpay + ¢, where, from (11) and (8d), follows that
T = (A+BL*)xk+Z] 1 quj,kxk‘f'zj L Bigjrui+
Z =1 dj%,k’ :Ck+1_ = (A ~+ Z AJ‘]] k)xk - (B J_r
Z;'nzl Bjqjn)up+d+3700 digj e Thyy = AT+ Bug +d,
and @} = cj for all k = 0,...,N — 1, and where Ij =
To — M1, TG = T, and Ty = pr.

Theorem 1: Let c# = {c#,...,cﬁil} and L¥ =
{L#,...,Lf,_l} be a feasible solution of Problem (17).
Problem (17) is a conservative approximation of Problem
(8), such that, any feasible solution of Problem (17) W111
generate a control sequence given by u = {uk}
{L# + ck#}k o » which is a feas1ble solution of Prob—
lem (8) Moreover, by letting {u}}o o = {Li7} +ci s
the optimal solution of Problem (17), m particular, is always
a feasible solution of Problem (8) satisfying the constraints
(8b)-(8h).

Proof: The mean and covariance propagation equations
(17c) and (17d) are exact representations for the first two
moments of system (8d), given the control policy (13).
Therefore, constraints (17b) are exact representations of (8b),
(8¢c), (8g), and (8h), respectively. For the chance constraints,
by Lemma 1, (17f) and (17g) are tightened versions of (8e)
and (8f), respectively, such that the satisfaction of (17f) and
(17g) implies satisfaction of (8e) and (8f), respectively. Thus,
since {1¢,€7‘7£}k]\[:_01 and {u}}~" ! necessarily satisfy constraints
(17b)-(17g), they satisfy constraints (8b)-(8h). [ |

IV. CONVEX REFORMULATION

Although Problem (17) is deterministic, it still depends
on nonconvex constraints. First, the propagation of the state
covariance (17d) is nonconvex due to the multiplicity of
T and 4. Second, the input and state-input covariance
constraints (17e) are nonconvex owing to the multiplicity of
Ly, and X, . Third, the state and control constraints (17f)-
(17g) are nonconvex owing to their nonlinear dependence on
Yy, and X, .

We show that the first two issues can be overcome by re-
laxing the covariance propagation to linear matrix inequality
(LMI) constraints, which requires us to relax the terminal
covariance constraint (17b) to an inequality constraint, such
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that we merely ensure the terminal covariance satisfies an
upper bound. The third issue is overcome by further tighten-
ing the chance constraints such that they can be written as
linear inequality constraints.

Remark 1: Relaxing the terminal covariance constraint to
an inequality is not an issue in most applications as, in
general, the goal is to bound the covariance rather than to
drive it to a specific value, as most applications are concerned
with designing a controller to reduce the system’s uncertainty
rather than increase it.

1) Covariance Propagation Relaxation: The propagation
of the state uncertainty is a nonlinear constraint owing to
the multiplicities of mkx;—, mkuk , and ukuk However, this
problem can be overcome by relaxing the equality constraint
to a LMI. We introduce a new optimization variable 3y
such that

Yk & (Aji‘k + Bjﬁk + Czj)(z‘ijffk + Bjﬁk + de)T7 (18)

which can be written as a positive semidefinite constraint
using the Schur complement

Sik A;z) + Bjug +
(A :L'k-‘rB uk-l-d) I

forall j=1,...,mand k=0,...,N — 1.

Similarly, to handle the nonconvexity of constraints (17e),
we utilize the following change of variables previously used
by [26], [27]. Let iwk be a new optimization variable such
that

df] =0, (19)

Suey = Lp Sy, =2,

Tpug?

(20)

forall k=0,...,N — 1. For ¥;, > 0, the onglnal control
policy can then be recovered as L, = Zuzkz Using
(20), ¥, may be written as ¥, = Yuq, X, 1ZT We

urg
then introduce a new optimization variable Zuk and relax

the expression for X, to an inequality given by

Sur = Tuzy Sp Sag, = Sus,s 1)

which, using the Schur complement, is given by the positive

. . . b
semidefinite constraint | ST* VRl =0, for all k =
Zuac Ztk
0,...,N — 1. We may then" write the relaxed covariance

dynamics as

AT 4 AST, BT+ BS,,, AT + BS,, BT

zk+1

= A%,
Z oAl + A5), Bl + BjSu,, Al

+ B SukB + %), (22)

for k=0,...,N — 1, where ¥, , =%,,.

Relaxing (17d) and the third inclusion in (17¢) with (18),
(20), (21), and (22) provides a bound on the state and input
covariances.

Lemma 2: If the inequalities

— 1— Do
T . Tyl
ar imzmkawﬂx

= Bryi, <0, (23a)
Pz,

T -
0y Tk +

— Pu,iy,

T _
Qyy 3, Uk +
pu,iu

= Bu,i, <0, (23b)

Sen 2 ZF, (23¢)

hold, then the inequalities

_ 1- Pxi,
01, B+ (Ol Doy Qi [ =2 = B, 0. (24)
T = T 1 —pug,
o, 4, Wk + a%iuzukau,z‘u 7]) : — Bui, <0, (24b)
Yoy 2 Xp, (24¢)
also hold for i, = 1,...,Ng, i, = 1,..., N, and k =
0,...,N—1.
Proof: Due to space limitations, we omit the proof,
which can be found in [25]. |

2) Chance Constraint Tightening: Finally, the state and
input chance constraints (17f)-(17g) include a nonlinear
dependence on the state and input covariance, X,, and X, ,
respectively. To resolve this, we use a linearization procedure
similar to [24]. An upper bound on the square root of the state
covariance can be derived using a tangent line approximation
evaluated at A\, ;_ ; given by

£/ & . Az, S 2 xzzzl’kam iz )‘Cﬂaiz’k)
\/ i,k

(25)
N — 1. A similar bound

+ )\z,im,ka

fori, =1,...,Nsand k =0,...,
is given for the input covariance as

\/ Zukau Ty 2 ( 'Iiu Zukau7iu - /\’U«ﬂu«,k)
+ )\u,iu,lm (26)
for i, = 1,...,N. and £k = 0,..., N — 1. This leads to a

conservative tightening of the chance constraints; therefore,
the original constraints are still guaranteed to be satisfied
by a solution of the convex reformulation at the expense of
reducing the size of the feasible solution set, as stated in the
following lemma.

Lemma 3: The satisfaction of the inequalities given by

T = V Al'vimvk 1 T ¥ 1- Pz g
. Y . P et bl
o‘m,l,ﬁrk + ( 2 + 9 )\g;7iw7k am,zz xkaz,zm) Do,
— Bz, <0, (27a)
T - vV ik 1 T 1—pui,
) Dy R S IS
au#’“’“’k + ( 2 + 2 )\U7iu7k Oéu’Z“' “* au’l“') pu7iu
— Buyi, <0, (27b)
fori, =1,...,Ns, iy =1,...,Ne,and kK =0,...,N — 1,

imply satisfaction of (17f) and (17g).
Proof: We refer to [25] for the proof of Lemma 3. H
Remark 2: The approximations given by (25) and (26)
are exact (i.e., satisfied as an equality) when X\, . =
oz16 D iy, OF Auji = QY ZuEuk Qv i, , Tespectively.
Therefore, if estimates of Y, and X, are available, they

should be used for the selection of the linearization points.
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3) Convex Covariance Steering Problem: Using the above
relaxations, a convex formulation of Problem (17) is given
by

imiD ij;—ijk +t1(QrEq,) + Uy, Riliy + tr(RiEy,)
(28a)
subject to
:EO = M, ixo :Efv ‘,EN = HUF, EIN - EF? (28b)
Tht1 = Afk + Bﬁk =+ d (28¢)
iy = AS, AT 4 AST, BT 4 B, AT
T is AT L isT BT
+ B, BT+ (4,5, A + 4,5, B)
j=1
+ BjSus, A + B;Su, B] + Si), (28d)
Uk =k Sup = Suzy Sgy Sz, (28e)
Sjk ~ (/L:I?k + Bjuk + dj)(AjIk + Bjﬂk + CZj)T (28f)
Azin b 1 T < 1—pes
— + azizx Ay gy —_—
( 2 2/ Awin ke T ) Daiy
oy, Tk — B, <0, (28g)

V Au bk 1 T < 1-— DPu.i
YUy + a X E a . ybu
( 2 2 Au,iu,k U,y UK uﬂu) pu,iu

+ oy Uk = Bui, <0, (28h)
for i, = 1,...,N§, by = 1,... Nu, and k£ =
0,...,N — 1 where Tux = {Suzgs - Durn_y J> Su =

{Eum"' UN— 1} andz_{zjk}g 1k10

Let us denote the optimal solution of Problem (28) as
(c*, X%, X%, %), which gives the optimal control policy
(c*,L*), where L} = ¥, Sl 5% = ASE AT +
ASy, BT + BY, AT + By, BT + 3L (A5 Al +
gl EZIkBT + B; E;TkAjT + B]‘Z:;kBJT + Z;k), and 37 =

I

Theorem 2: The optimal solution of Problem (28),
(c*,Br,, 2% %), yields the optimal control policy
{C,C,L;}k:o1 which is a feasible solution of Problem (17)
when constraint the terminal covariance constraint in (17b) is
relaxed to (24c). Furthermore, let u* be the control sequence
given by u* = {uj = L;a} + ck}kN_Ol, where T}, = (AJr
BL*)xk"‘Z] 1 Ajaj, kxk"‘zj 1 Bidj, k“k"‘zj 14345,k
Tigr = (A + 3L Ajgg )z + (B + Z;" 1 Bidj kg, +
d+2j 1 i ks Ty fA:EkJrBuker and @} = ¢, for
all k =0,...,N — 1, and where Z§ = zo — us, 5 = o,
and T§ = pr. The control sequence u* is a feasible solution
of Problem (8) when (8h) is relaxed to (24c).

Proof: The constraints given by the first three inclusions
in (28b), (28c¢), and the first inclusion in (28e) are identical
to the corresponding constraints in Problem (17). Per Lemma
2, the satisfaction of the last inclusion in (28b) implies (24c)
will be satisfied. By Lemmas 2 and 3 satisfaction of (28g)
and (28h) implies satisfaction of (17f) and (17g). Thus,
{ck,Lz}N 1 is a feasible solution of Problem (17) when
the terminal covariance constraint given in (17b) is relaxed

to (24c). Feasibility of Problem (8) with the relaxation of
(8h) to (24c¢) is then given by Theorem 1. |

V. NUMERICAL RESULTS

The proposed approach is demonstrated through a vehicle
control example. The kinematic bicycle model is commonly
used to model the motion of a vehicle with respect to a
given reference path. Although the kinematic bicycle model
is nonlinear, a linear approximation may be obtained by
assuming a constant velocity and assuming the steering angle
and the heading error with respect to the reference path are
small, which is an approximation technique commonly used
in the literature [28].

The linear kinematic bicycle model [28] is given by

k41 1 0 07 [ew 0
i AL L Ol ey, | 4 At
€yt rerT U AL U AL 1] | ey, 0
At 0 0 0] [
ry . At 0 0 .
+ rEt+re (@kauk) + rf+rr € | Viys
0 S At At 0] ey,
(29)

where 1/)k = (wk - 'l/‘)ref), ey is the heading error with
respect to the reference heading s, v, is the velocity
parameter, 7y and 7, are the length from the center of
mass to the front and rear wheels respectively, ¢ is the
steering angle, e, is the lateral error with respect to the
reference path, ¢y, is the control input and where 7, and 1/}ref
are the nominal parameters and 77, ¥y, 0., are the random
disturbances. We set v, = 10, ry = 1.2, r, = 3.6, At = 0.1,
and %ef = 0.1. The initial and terminal conditions are
given as u; = [0,0,0]7, ¥; = diag(0.003,0.03,0.03),
pr = [0.1,0,0]7, and ¥r = diag(0.05,0.05,0.05). The
state chance constraints are given by a,; = [0,0,1.0]T,
Bea = 1.5, pp1 = 0.2, azo = [0,0,—1.0]7, Br2 = 1.5,
Pe,2 = 0.2 and no control chance constraints are included
so that Ny = 2 and N = 0. Api, ik = @, ; 0%, ;, for
iy =1,2and k =0,..., N—1, and where 277" is computed
as an N -step linear mterpolatlon between ¥; and . The
trajectory is planned over 5 sec, so that N = 50.

The proposed approach is compared for three different
noise distributions with an optimistic approach that does not
consider the multiplicative uncertainties arising from flj and
B; and with a conservative approach in which the d; vectors
are set as an over-approximation of the noise arising from
input uncertainty (over-approximating the state transition
matrix uncertainty was also investigated; however, we found
this led to infeasibility in non-trivial cases). Fig. 1 shows the
trajectories resulting from the three approaches transformed
into a Cartesian coordinate frame, and it may be seen all three
approaches track the reference trajectory through the curve.
However, as highlighted in Fig. 1, the naive approach fails to
meet the terminal constraints and the conservative approach
exceeds the specified terminal covariance, while the proposed
approach successfully meets the required terminal mean and
covariance.
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1: Covariance steering results for a path-following vehicle

application with parametric noise sampled from Gaussian, Uniform,
and Gamma distributions, respectively.

VI. CONCLUSION

This work has presented a general problem formulation

for
and

stochastic linear systems subjected to both additive
multiplicative noise, while subject to state and control

chance constraints as well as terminal constraints on the first

and

second moments. Although the problem is, in general,

stochastic and nonconvex, a tightened, deterministic, convex
problem formulation is derived, the optimal solution of which
is guaranteed to be a valid (albeit potentially sub-optimal)
solution of the original nonconvex problem. Finally, the
results are demonstrated using Monte Carlo simulations on
an autonomous vehicle path following problem.
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