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Abstract— Tracking controllers are often integrated into
control systems to ensure robustness against uncertainties and
disturbances during trajectory following maneuvers, where the
design methods in the literature lack formal guarantees, can be
applied only to limited classes of systems, and/or suffer from
conservatism. In this paper, we propose a new tracking control
approach for discrete-time nonlinear uncertain systems using
set-based computations. In particular, we compute zonotopic
backward reachable sets along prescribed nominal trajectories,
and utilize such sets to synthesize tracking controllers that
ensure safety and reachability in the presence of input/state con-
straints and disturbances. We illustrate our approach through
two numerical examples (Dubin’s car and planar quadrotor).

I. INTRODUCTION

Control design for safety-critical systems with reachability
requirements (e.g., path planning for unmanned ground and
aerial vehicles) must ensure desired specifications satisfac-
tion, even in the presence of model nonlinearity, uncertain-
ties, and disturbances. This is critical for system safety, yet
difficult to accomplish in general. To provide some level
of robustness, it is a common practice to embed tracking
controllers into control systems to keep systems’ states
close to prescribed nominal trajectories [1], [2]. However,
state/input constraints may not be fulfilled after embedding
such controllers. Satisfying input/sate constraints while tra-
jectory following may be achieved by incorporating control
barrier functions to correct nominal inputs [3], though com-
puting such functions for general nonlinear systems remains
a challenging task. State-of-the-art formal methods construct
tracking controllers in advance and nominal trajectories are
then synthesized accordingly, where the behavior of the
control system with the embedded tracking controller is
taken into consideration during the trajectory synthesis. For
example, in the frameworks of control contraction metrics
and model predictive control [4], [5], [6], time-independent
robust invariant sets with associated tracking controllers are
designed, and in the subsequent trajectory planning, the safe,
target, and input sets are deflated, while the unsafe sets are
inflated using conservative bounds of the tracking control
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effort and the invariant set. Conservatism of such bounds
may result in unsuccessful or low-quality trajectory genera-
tion. To mitigate the conservatism and improve the quality
of the obtained trajectories, time-varying robust invariant
sets are utilized [7], [8], where the designed invariant sets
typically have fixed templates (e.g., ellipsoids) with time-
varying scaling factors. It is worth noting that computations
of such robust invariant sets are typically costly. However,
these computations are done offline. In addition, the use
of fixed templates for invariant sets still possesses some
conservatism even in the case of time-varying invariant sets,
and that cannot be avoided especially when invariant-set
computations and trajectory planning are to be separated. In a
recent approach, linear feedback controllers are designed and
time-dependent ellipsoidal bounds of reachable sets, which
are independent of the nominal trajectory, are estimated and
utilized in a novel trajectory planning approach with high
computational efficiency [9]. However, this recent approach
is restricted to linear systems.

In this paper, we explore a new framework for tracking
control that combines the practical and formal approaches,
where we design tracking controllers for nonlinear sys-
tems with specified nominal trajectories, ensuring safety
and input/state constraints. In fact, our method complements
existing control synthesis approaches as it can be applied
to arbitrary nominal trajectories, regardless of how they are
generated, adding another layer of safety and robustness to
existing state-of-the-art methods. In particular, we utilize and
adapt the recent developments in set-based computations in
order to compute zonotopic backward reachable sets along
prescribed nominal trajectories of discrete-time nonlinear
uncertain systems. The computed backward reachable sets
can then be utilized to synthesize tracking controllers whose
values are estimated online via linear feasibility problems.

Our approach can be summarized as follows: 1) We start
with a prescribed nominal trajectory of a given discrete-time
nonlinear system and we compute safe state and input tubes
centered at the nominal states and inputs, respectively. These
tubes serve two roles: first, they are utilized in estimating lin-
earization errors (see the following point); second, the tubes
serve as domains through which backward computations are
conducted, while satisfying input/state constraints. 2) We
linearize the dynamics of the nonlinear system along the
nominal trajectory while constructing conservative estimates
of the linearization error over the computed state/input tubes.
3) We proceed with under-approximate zonotopic backward
reachable set computations for the conservatively linearized
dynamics through the state and input tubes, starting from



the final point of the nominal trajectory and ending at the
initial point. 4) If backward computations are completed
successfully, the resulting sets can be easily used to synthe-
size a tracking controller through solving linear feasibility
problems.

The organization of this paper is as follows: the necessary
preliminaries and notations are introduced in Section |1l the
nonlinear system under study and the associated tracking
problem, with the accompanying assumptions, are presented
in Section the proposed method is discussed thoroughly
in Section the method performance is illustrated through
two numerical examples in Section [V] and the study is
concluded in Section [VIl

II. PRELIMINARIES AND NOTATIONS

Let R, R, Z, and Z denote the sets of real numbers,
non-negative real numbers, integers, and non-negative in-
tegers, respectively, and N = Z, \ {0}. Let [a,b], ]a,b][,
[a, b, and ]a, b] denote closed, open and half-open intervals,
respectively, with end points a and b, and [a; b], |a; b], [a; b],
and ]a; b] stand for their discrete counterparts, e.g., [a;b] =
[a,b] N Z, and [1;4] = {1,2,3}. In R", the relations <,
<, >, and > are defined component-wise, e.g., a < b,
where a,b € R", iff a; < b; for all ¢ € [1;n]. For
a,b € (RU{—o00,00})", a < b, the closed hyper-interval (or
hyper-rectangle) [a, b] denotes the set {x € R™ |a < x < b},
where, assuming a and b are finite, center([a,d]) := (a +
b)/2 and radius([a, b]) := (b—a)/2. Given f: X — Y and
C CX, f(C):={f(c)|c € C}. The n-dimensional vectors
with entries of zero and one are denoted by 0, and 1,,
respectively. For z € R”, we define |z| = (|21],...,|zn]),
where an analogous notation is also used for matrices. Let
d = (dy,---,d,)T € R, then the diagonal matrix with
diagonal entries dy,- - ,d,, is denoted by diag(d). Given
A € R™™ rank(A) and AT € R™*" denote the rank
and the Moore—Penrose inverse of A, respectively. The space
of n-dimensional real vectors is equipped with the maximal
norm || - |leo ([|2]|cc = Max;ecpiy |zs|, © € R™), and B,
denotes the n-dimensional closed unit ball w.rt. || - ||co
Gie., B, = [~1n,1,]). Given M C R", int(M) :=
{m e M |m+rB,, C M for some r > 0}. For n x m ma-
trices, || - ||o corresponds to the matrix norm induced by
the maximal norm ([|Allcc = max;cpin) D50y [Aij], A €
R™*™). Given M, N C X, M\ N (set difference of M and
N) denotes the set {x € M |z ¢ N}, M + N (Minkowski
sum of M and N) denotes the set {y +z |y € M,z € N},
and M — N (Minkowski or Pontryagin difference of M
and N) denotes the set {z € X | z + N C M}. An important
result that follows directly from the definitions of Minkowski
sum and difference is the following.

Lemma 1: Let X,Y,Z C R™ and A € R" " be in-
vertible. Define S = A71((X —Y) + (—2)), then for all
s € S, there exists z € Z (that depends on s) such that
As+z+Y C X.

Given ¢ € R™ (center), and G € R"*™ (generators
matrix), the zonotope associated with ¢ and G is the set
c + GB,, (see, e.g., [10]). Note that zonotopes are closed

under linear transformation and Minkowski sum as, given
arbitrary zonotopes c¢; + G1B,, c2 + G2B;, € R" and
A e RmXm, A(Cl + Glpr) = Ac + (AGl)Bp, and
(c1 + G1By) + (c2 + G2Bg) = (c1 + c2) + [G1, G2]|Bpg.

III. SYSTEM DESCRIPTION, ASSUMPTIONS, AND
PROBLEM FORMULATION

Consider the discrete-time nonlinear system
Tpt1 € flaw,ur) + W, k € Zy, 1)

where x; € R" is the state, up, € R" is the input, W C
R™ is a disturbance set, and f: R™ x R™ — R” is the
function governing the unperturbed dynamics of system (.
We assume the following.

Assumption 1: The function f is twice continuously dif-
ferentiable, and the matrix D, f(z,u) € R™*™ is invertible
for all (z,u) € R™ x R™, where D, f denotes the partial
derivative of f with respect to x. Note that the invert-
ibility assumption holds if f corresponds to the flow of a
continuous-time system.

Assumption 2: The disturbance set is known and given

by W = [-w,w], w € R}, up, € U, k € Z4, where U
is known and given by U = [u,u], and the initial value x
belongs to a known set X; given by X; = [z;, Ti].
Let X, = [z,,To] C R™ be a hyper-rectangular operating
domain and X, = Ufil [[g&”,fﬁ”]] C R”™ be an unsafe set
defined as a union of N, hyper-rectangles. It is required
that the states of the system are always inside the operating
domain, while avoiding the unsafe set. Let X; = [[z,, %] C
R™ be a hyper-rectangular target set that we aim to drive the
system’s state into from the initial set &j. We additionally
assume:

Assumption 3: X; C X, \ Xy and Xy C X, \ Xy
Let N € N and [0; N] be a finite-time horizon on which
the reach-avoid specifications above are satisfied for the un-
perturbed dynamics of system (I). Specifically, let {Zx}_,
and {ﬁk}ff;ol be given nominal state and input sequences
satisfying:

‘%kJrl = f(i'k,ftk), ke [O,N — 1],
ug€U, ke 0;N —1],
Ty € int(X,) \ Xy, k € ]0; N],
Zog € X, TN € int(AL).

2

Problem 1: Using the nominal sequences {Zy}1_, and

{a}n ", find a control law 4 : R x [0; N — 1] — U and
a set intersecting with X;, denoted by Ay, such that for any
initial value zp € Ay and any disturbance sequence {wk}év -1
with, wy, € W, k € [0; N—1], the sequence {2 }1_, defined
by zp+1 = f(zk, u(zk, k) + wi, k € [0; N — 1], satisfies
2 € X\ Xy, for all k € [0; N], and zy € A.
The definitions of the sets &;, X,, X,, A, U, and W,
the nominal sequences {#1}_, and {iy}r o, and all the
associated assumptions are fixed throughout the subsequent
discussion.

Remark 1: According to , we require the nominal states
to be in the interior of the operating domain, while being



outside the unsafe set, and the final nominal state value to be
in the interior of the target set. These conditions will ensure
the existence of positive margins surrounding the nominal
states that allow backward reachability computations using
full-dimensional sets.

IV. PROPOSED METHOD

In this section, we discuss thoroughly the machinery of
our proposed approach, which addresses Problem [I]

A. Constructing state and input tubes

The first element in our proposed approach relies on
constructing state and input tubes that surround the given
nominal states and inputs. As mentioned before, the tubes
will serve two roles: first they will be used to estimate lin-
earization errors, and second, the tubes will serve as safe re-
gions through which backward computations are executed. In
particular, we aim to compute sequences of hyper-rectangles
{Tex 3y and {To ik }nsy!, where T, C R™, k € [0;N],
Tur CR™, k€ [0; N — 1], satisfying:

center(Ty. 1) = Tx, radius(Ty k) > 0n, k € [0; N],
center (7o, k) = Uy, radius(Ty k) > Om, k€ [0; N — 1],
Tage © Xo \ Xuy k€ [O;N], Ton C A,
Tor CU, ke[0;N—1].
3)

First, we state and prove some technical results that will be
useful in the construction of the state and input tubes.

Lemma 2: Let v € [a,b] C RP, where a,b € RP, a < b,
then H (v, [a,b]) C [a, b], where

H(v,[a,b]) :=v+ [-r,7], 4)

and r = radius([a, b]) — |center([a, b]) — v|.

Proof: For any z € RP, with |z — v| <
|z — center(Ja,b])] < |z — v| + |v — center([a, b])|
radius([[a, b)) — |center([a, b]) — v| + |center([a, b]) — v|
radius([a, b]).

Lemma 3: Let x € RP and [a, b] C RP, where a,b € RP,
a < b, and x ¢ [a,b]. Moreover, let r = radius([a, b]) and
c = center([a, b]). Then, minycpq 5] [2—Yloo = |7=4*] 00>
where

ml NS

* L {xia Ty S [aiab’i}v

i ¢ + risgn(x; — ¢;), otherwise,

and sgn(-) is the signum function. Moreover, let i € [1;p]
such that |z; — 5| = [l — y*||sc := M, and define

S(x,[[a,bﬂ,oz) = {ZGRPHZE—JUﬂ SO&M}, (5

where a € [0, 1[. Then, S(z, [a,b], a) N [a,b] = @1

Proof: The first claim follows by noting that, for all y €
[a, 0], |z —yf| < |zi—yil, © € [1;p]. For the second claim,
note that M > 0 as z ¢ [a,b]. Let z € S(z, [a, b], @), then
|z; — x;] < oM < M. Assume, without loss of generality,

IThe set S(z, [a,b], @) is a hyper-rectangle of the form z + [—r,r],
where r; = aM and r; = oo, i # 1.

that &; > ¢;, then it holds, using the definition and minimal
property of y*, that w; —c; > M +r;. Consequently, z; —c; =
Z;—x;+x;—c; 2> —|Z;—l‘g|+M—‘r7‘g >-M+M+r; =r;.
Hence, |z; — ¢;| > r;, implying z ¢ [a, b]. [ |

Remark 2: When [a,b] is a subset of the unsafe set X,
S(z, [a,b], ), which satisfies S(x, [a,b],a) N [a,b] = 0,
can be thought of as a partially safe region of operation, en-
suring not reaching the set [[a, b], and that will be important
for safety guarantees of our backward computations.

From Lemmas 2] and 3} we deduce:

Corollary 1: Let y € X, \ Xy, fix a € [0,1], and define

Ry, Koy Xos ) = Ky, Xo) () (M8 (0, 2, 7], ).
(6)

Then, R(y, Xy, Xy, @) C X\ Ay

Using the above results, we illustrate in the below theorem,

whose proof is omitted for brevity, how state and input tubes

are computed.

Theorem 4: Consider the nominal state and input se-
quences satisfying (Z). Fix « € [0,1] and define T, v =
H(EN, X)), Tk = R(Zp, X, Xy, ), 1 € [0;N=1], Ty, =
H (g, U), i € [0; N—1], then { T s}y, {Tur}n g satisfy

B. Linearization

The second element of our approach relies on conservative
linearization of the dynamics of system (1)) along the nominal
state and input sequences. To this end, define the following
linearization parameters for all k € [0; N — 1]:

Ay = Dy f(Zr,n), Br = Dyf(Zp, ),
ek = f(Tk, Ur) — ArZr — Brly,

(7

where D, f denotes the partial derivative of f with respect
to u. Note that based on the assumption on D, f, A is
invertible for all k¥ € [0; N — 1].

Quantifying linearization error: As we aim to compute
backward reachable sets through the tubes discussed above,
it is important to quantify linearization errors in subsets of
the aforementioned tubes. In the lemma below, which is
similar in spirit to results in the framework of hybridization
for nonlinear systems [11], [12], we quantify the errors
in linearizing the dynamics of system (1) at Z, and 4y,
k € [0; N — 1], for state and input values neighboring these
nominal values.

Lemma 5: Fix k € [0; N — 1] and let T, = & +
[-re,rz] € R™, where r, € R}, and Ty = @ +
[—ru,r.] € R™, where r,, € R For any (z,u) € Ty X
Tuk flz,u) +W C Az + Bru + e + W(Ton, Tok),
where

W(To ks Tuk) =W+ [—e(Tak, Tuk) €(Tak, Tuk)],
1 8)

{e(T-TJﬁ Tu,k)}i = i[r;, r;HHfi (T%k? Tuk)[r;v r;HT7
i € [1;’/1]. Herein, ﬁfi (Tac,ka Tu_,k) c R®O+m)x(n+tm)

is any matrix that satisfies {Hy, (Tor, Tuk)lpg =
supt, w1, [{Hess[F]()}pql, p,a € [1;n + m], where



F:R™™ — R" is defined as F([z",u"]") = f(z,u),
x € R™, u € R™, and Hess[F;](z) denotes the Hessian of
JF; evaluated at z.

A naive approach to obtain Hy,, which we adopt in our
backward computations in Section relies on first com-
puting Hess[F;] through symbolic differentiation, and then
evaluating Hess|F;] using interval arithmetic computations
over the hyper-rectangular domains of interest.

C. Backward computations

The next, and the most important, element in our proposed
approach consists of zonotopic backward reachability com-
putations using the state and input tubes and the linearized
dynamics derived above. Below, we elaborate on how such
computations are executed.

1) Motivation to use backward computations: Fix k €
[0; N—1] and consider hyper-rectangular subsets T, C 7, &
and T, C 7T, k. centered at &5 and 1y, respectively, where
Tz and T, 5 are computed according to Theorem [Zl_f], and
we illustrate in Section how the subsets T, j and
T,k are obtained. Let Sy 1 = Tg41 + G.B, C R"™, where
G, € R™ P has full row rank, be a zonotopic set that is
required to be reached in one step from a neighborhood of
the point Zj. In view of Lemmas [I] and [5] any element of
the set

Xbrs,k == (A;l(H -+ @)) N Tz,ka (9)

where IT = (Sg41 — W(Tek, Tuk)) and © = —(c +
BTy k), can be driven to Si41 under the dynamics of
system (). Such computation can be applied in a recursive
fashion, starting from £k = N — 1 with Spy; = T n
until reaching & = 0 and the resulting sets can be used
to synthesize a tracking controller, with values estimated
using linear programming (see equation (I3)), that drives
the system states to the target set safely.

Backward reachable sets, computed according to (9), can
be evaluated exactly using polytopes, as they are closed
under intersection and Minkowski addition and difference.
However, the complexity of the resulting polytopes and the
associated computational cost increase drastically with each
iteration of the backward computations. Besides polytopes,
there are various classes of set representations that can be
utilized in backward reachability computations, including
ellipsoids, zonotopes, constrained zonotopes, and polynomial
zonotopes (see, e.g., [13] and the references therein), where
choosing a proper set class should weigh the computational
efficiency and accuracy associated with using that class.
Zonotopes (i.e., affine transformations of closed unit balls)
have been shown to be effective in reachability computations,
possessing reasonable accuracy and computational costs [14],
[15], [16], [10], [17], [18]. Motivated by the successes of
zonotopic implementations in reachability computations, we
aim at computing backward reachable sets using zonotopes.
However, exact backward reachability computations can not
be attained with zonotopes, which create several computa-
tional challenges that we aim to address below. It would be
interesting to explore, in future works, the possibilities of

implementing different classes of sets in backward compu-
tations and comparing their performances. In Section [V] we
compare through a numerical example the performance of
the zonotopic backward computations proposed herein with
a variant that utilizes constrained zonotopes [19].

2) Under-approximating Minkowski difference: The first
challenge associated with the zonotopic backward reacha-
bility computations is the Minkowski difference. In gen-
eral, zonotopes are not closed under Minkowski differ-
ence, which motivated developing several approximating
approaches in the literature (see [20], [18], [21]). Herein,
we present a simple and efficiently computable zonotopic
under-approximation of Minkowski difference under certain
assumptions on the generators of the considered zonotopes.
More accurate approaches may be adopted, with the price of
increased computational cost.

Lemma 6: Let Z1 =c + Gpra ZQ =cC2+ GQB(I g RT,
where c1,c0 € R", G; € R™*P, and Go € R"* 9. Assume
rank(G1) = r and \GIGg\lq < 1 Then, Z1 Sua Z2 C
71 — Zs, where

Zy Gua Zy = €1 — ¢y + Gydiag(1, — |G1Ga|1,)B,. (10)
Proof: Let Z := Z) Gua Z2 and D := diag(1, —
|GJ{G2|1q). Then, Z2+Z = CQ+G2B[1+C1 —Cg-i—GlDBp =
¢ + G1GIGyB, + G1DB, = ¢ + G1[GIGy, DIB,,.
With the imposed assumption and definition of D, we have
|[G1Ga, D]|los = 1. Hence, Zo + Z C Zy. m
3) Zonotopic under-approximation of intersection: An-
other challenge associated with the zonotopic backward
reachability computations is the intersection operation. Gen-
erally, zonotopes are not closed under intersection. Herein,
we propose a computationally efficient and reasonably accu-
rate zonotopic under-approximating approach for intersection
of zonotopes and hyper-rectangles that share the same center
(this is the case in our backward reachability computations).
Lemma 7: Let Z; = x4+ GB, C R", where x € R" and
G € R™*P has full row rank, and Z3 = = + [—t,t] C R",
where v € R, Let n € RY and £ € R’ satisfy:

n+|GHE <1, [Gln+ €<t (11)

Then, = + Gdiag(n)B, + [-&,&] € Z1 N Zs.

Proof:  The first inequality of implies that
diag(n)B, + G'diag(¢)B, C B,; hence, Gdiag(n)B, +
[-¢,€] € GB,. Moreover, the second inequality of (TT)
indicates that Gdiag(n)B, + [—&,&] C [, t]. [
Based on the previous result, we embed the linear con-
straints (II) in a linear program to obtain a zonotopic
under-approximation of the intersection, where the associated
objective function was chosen, based on numerical trials,
to maximize the size of the under-approximation. Given
Zy = x+GB,, Zy = z+ [—r,t] C R", where z € R”

2This assumption requires the generators matrix of Zz to be suffi-
ciently small norm-wise. For example, the assumption holds if ||G2|lcc <
l/HGI loo- In our backward computations (see equation (@), Z2 accounts
for disturbances and linearization errors. Hence, this assumption holds for
sufficiently small linearization errors and disturbances.



and G € R"*P has full row rank, we define

Z1 Nua Z2 = + Gdiag(n*)ﬁp +[-€,¢7], (12)
where (1%, £) € arg MaX(, £)cR? xR, Z§:1 nj + 22:1 &;
s.t. and the condition 1 > aumin1, hold. Herein, amin 1=
min{e min(r)/||Gl|c, 1}, and ¢ € ]0,1F] Based on the
zonotopic under-approximations of the Minkowski difference
and intersection, we define the one-step under-approximate
backward reachability operator R at time k as

Ri(Ty, Ty, S) = (A1 (@ + ) Nya T, (13)

where ® = S ©ya W(T,, Ty), ¥ = —(cx + ByT,), T and
T, are state and input hyper-rectangles, respectively, and S
is a full-dimensional zonotope, where it is guaranteed by
construction that 7}, and (A;, ' (®+¥)) share the same center.

Remark 3: In the zonotopic under-approximations of
Minkowski difference and intersection presented above, we
have utilized Moore-Penrose inverses due to the compu-
tational efficiency associated with their evaluations. These
inverses may be replaced with other generalized inverses to
increase accuracy, with the price of increased computational
costs.

4) Scaling the state and input tubes: Let us recall again
the definition of the backward reachable set Xi, ) in
equation (9). Note that the sizes of the hyper-rectangles
T., and T, 5 have complex effects on the size of the set
Xbrs,x- This is due to the fact that the size of W(T, 1, Ty )
correlates with the sizes of the hyper-rectangles T, i, T4 k,
where the set W(T, %, T, ) has a deteriorating effect on
the size of the resulting backward reachable set. On the
other hand, increasing the sizes of the boxes T, i, T.
will lead to increasing the sizes of the intermediate set
resulting from the Minkowski sum expression, and the set
to be intersected with. To address this issue, we propose a
heuristic procedure, wherein we obtain hyper-rectangular sets
T, and T 1, using a routine denoted OptimizedBoxes,, i.e.,
(Taks Tuk) = OptimizedBoxesy, (7y.k, Tk, Sk+1), where
(Ta ks Ta k) results from gradually scaling down (7, k., T k)
and optimizing an estimate of the backward reachable set
size. Let p&o) = radius(7, ), pq(lo) = radius(7,,), and
let the scaling matrix Ay, = diag(ds.) be given, where
dsc € [0ntm, Llntm] (dse can be either determined manually
or obtained by solving an auxiliary optimization problem)
and Ny max be the user-defined maximum number of scaling

) . p(i) p(i—l)
iterations. Moreover, define fi) = Ag ?i—l) ,
pu pu

1O = g+ [0, T =+ o9 0, 1 €
[0; Nsc,max)- Let the function size be user-defined, where it
provides an estimate of the zonotopic size (e.g., si~ze(Z ) is an
estimate of the volume of Z). The routine OptimizedBoxes,,
looks for a local maximum of the function size over the
interval [0; Ngc,max), and returns the state and input boxes

3The additional condition ensures the full-dimensionality of the resulting
under-approximation. Note that, assuming G has full row rank and v > 0,
z+Gdiag(aminlp)Byp is a full-dimensional subset of Z1 M Z3. This is due
to the facts that 0 < apmin < 1 and aypin Z?:l |Gl <, i€ [1;p].

corresponding to this maximum value, where it runs as
follows:

Algorithm 1: OptimizedBoxes,, routine.

i1, m < size(Ry(T, T, Sein)),
Tos < T, Top « T,
while i < Ny max do
s si%e(Rk(T;i),Tq(f), Sk+1))-
if s > m then
| Tos e T, Ty < TH.
else
| break.
end
11+ 1.

end
Result: (T, 5, Ty k).

5) Zonotopic order reduction: The final challenge in the
iterative backward computations is the presence of repeated
Minkowski additions, which increases the complexity of
resulting zonotopes (Minkowski addition corresponds to con-
catenation of the generators matrices). This issue can be
overcome by using order-reduction techniques, replacing the
resulting zonotopes with zonotopic subsets of reduced orders
(see, e.g., [20], [18]). In this work, we simply adopt order-
reduction techniques from the literature, where we utilize
a routine denoted OrderReduction. Given a zonotope Z =
¢+ GB C R™, with order p/n, OrderReduction(Z, o) yields
a zonotope ¢+ G'B,, C Z, where p’/n < min{o, p/n}.

Now, we have all the ingredients that allow us to conduct
zonotopic backward reachability computations, which are
summarized in Theorem [§] whose proof follows from the
definitions of the backward reachable sets and is omitted for
brevity.

Theorem 8: Fix « € [0,1] and let T, 1, k € [0; N] and
Tzk, k € [0; N — 1] be computed according to Theorem
Moreover, fix o € Ry and let A;, i = NN —1,--- 0 be
computed as follows: Ay = 7T, n, and

(Tak, Tu,k) = OptimizedBoxes, (7 k, Tu,k, Aet1),

A = OrderReduction(Rk (TEJ€7 Tu,ka Ak+1), O),
(14)

k € [0; N — 1]. Assume Ay # (. Then, X N Ay # 0.
Moreover, there exists a controller p: R™ x [0; N —1] = U
such that for any realization of the disturbance given by the
sequence {wy}p ', where w, € W, k € [0; N — 1], and
any zp € Ao, the sequence {z;}~_, defined by zj41 =
2k, (2, k) + wg, k € [0; N — 1], satisfies z, € X, \ Xy
for all k € [0; N], and zy € X;.

D. Tracking controller computations

The final element in our approach is deducing a tracking
controller from the computed backward reachable sets. The
tracking control policy p is obtained by solving the following



linear program online at each time step:
r € Ap = p(r) € argmin, 1, [Julloo sit.

(15)
Ak;[L‘ + Bku + ck c AkJrl Oua W(Tz,lw Tu,k)7

where the feasibility of the linear program follows from the
definition of the sets Ay, k € [0; N], in Theorem

Some possible modifications can be introduced to (I3)
in order to enlarge the set of feasible control inputs. For
example, the term W(T, 5, T, %), can be replaced with its
subset W(IH(Ay), T, %), where IH denotes the interval hull
operator. Moreover, if system (E]) is affine in control (i.e.,
flz,u) = fo(x)+ f1(x)u), then the condition Apz+ Bru+
¢k € Agy1 ©ua W(T4 i, Ty ) can be replaced by the less
conservative one fo(z) 4+ f1(2)u C Agt1 Oua W.

V. NUMERICAL EXAMPLES

In this section, we illustrate our proposed approach
through two numerical examples. The proposed method was
implemented in MATLAB (2019aﬂ and run on an AMD
Ryzen 5 2500U/2GHz processor. Plots of and order-reduction
operations on zonotopes were produced with the help of
the software CORA (2022 version) [22]. For order-reduction
computations, we used the method sum in CORA, which
is based on replacing the generators of a zonotope by their
sums (see [20], [18]). The bounds of the Hessian, given by
H ,» used in estimating the linearization errors, were obtained
using interval arithmetic. The linear programs associated
with the intersection and tracking control computations were
solved using the 1inprog function and the dual simplex
method.

A. Dubin’s car

Consider the discrete-time Dubin’s car system given by:

Ty kg1 T1 g 4 TsU1 g cOS(T3 k)
T2 kt1 € To i + Tsua k sin(xs ) +W, (16)
T3 k+1 T3k + TsU2 k

where (21, Z2,) denotes the car position, x3 j denotes the
heading angle, 7, is the sampling time (75 = 0.01), u; ; and
ug . are control inputs corresponding to the car speed and
turning rate, respectively, and the disturbance set is given by
W = 745([-0.02,0.02]*> x [-0.1,0.1]). Herein, we illustrate
how our approach can be used to synthesize a tracking con-
troller that keeps the states of the car’s model in the operating
domain X, = [0,5] x [0,2] x [-7/2,7/2], while avoiding
the unsafe set (([1.5,3] x [0,0.5]) U ([1.5,2.5] x [1,2]) U
([3-5,4.5] x [0,1])) x [-7/2,7/2], and steers the system’s
states to the target set Xy = [3.5,5] X [1.5,2] x [-7/5,7/5],
starting from the initial set X; = {(0.5,1.5, —7/4) "}, using
control values in the set U = [—8,8] x [—5,5].

The nominal states and inputs were generated using a
sampling-based planning approach with steering (see, e.g.,
[23]), where the nominal trajectory is depicted in Figure [1}
We note that in the planning procedure, deflated versions of

“The implementation can be found in the following link:
https://github.com/mserry91/Tracking Control__
Backward_Reachable_Sets,

the safe and target sets and an inflated version of the unsafe
set were considered in order to obtain a trajectory satisfying
(2). The computational time required to obtain that particular
nominal trajectory is approximately 28 seconds, where the
value of N obtained from the planning is 260 seconds.

Next, we computed the input and state tubes according to
Theorem 4] where we set o = 0.99. We obtained the tubes
(see Figure [T) in approx. 0.03 seconds, which indicates the
minute computational requirements for computing the input
and state tubes.

We then proceeded with the backward computations
according to Theorem [§] For the intersection under-
approximations, we used with ¢ = 0.2. For the order
reduction step, we set o = 30 (resulting zonotopes from
backward computations are of order 30 at most). For the
OptimizedBoxes routine, we set Ngc max = 1000, and dsc =
(1,1,0.7,0.7,1)T, where this value was chosen as the
remainder error from the linearization (see the definition
of W) depends on the heading angle and the input car
velocity only. We defined size(Z), with Z = ¢ + GB,
being a full-dimensional zonotope, as 1/||G||~ (the radius
of a particular closed ball contained in ZE]) The backward
reachable sets are depicted in Figure [T} where the associated
computational time is approximately 36 seconds, which is
reasonable given the time horizon [0; N].

Starting from the set Ay (which contains the singleton
initial set), we computed a trajectory of the perturbed
dynamics of the Dubin’s model, where a tracking controller
obtained according to a less conservative version of (I3)
(see the discussion below equation (13)), was embedded.
The average computational time per controller evaluation is
approximately 0.015 seconds, which illustrates the low com-
putational requirement for the tracking controller once back-
ward reachable sets are obtained. The resulting trajectory
(see Figure [T) satisfies the desired reach-avoid specifications
in the presence of disturbance, highlighting the effectiveness
of the proposed method.

As we mentioned previously, it is possible to conduct
backward reachable set computations using different set
representations such as constrained zonotopes [19], [24],
which are more general than zonotopes and are closed
under intersection. It can be particularly advantageous to use
constrained zonotopes when dealing with safety constraints
because the intersection between a constrained zonotopic
set and the state tube can be computed exactly, and this
may result in larger backward reachable sets when com-
pared to the zonotope-based implementation. However, the
complexity of constrained zonotopes increases drastically
with intersection operations. Moreover, order reduction for
constrained zonotopes is not as efficient as the one for
zonotopes.

Herein, we developed a preliminary implementation for
backward reachability computations using constrained zono-
topes, without incorporating order reduction, and compared
it with the zonotope-based computations for the Dubin’s car

*1/1G looBrn = GG/||GT||ccBn € GBp.
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Fig. 1.

x1 — 2 projections of the nominal trajectory for the Dubin’s
car model (black), state tube (light blue), zonotopic backward reachable
sets (gray), and a perturbed trajectory starting from the set Ag, where
the proposed tracking controller is incorporated (orange). The red boxes
correspond to the unsafe set, and the blue box corresponds to the target set.

model. In general, computing the volume of a constrained
zonotope is difficult, and the sizes of constrained-zonotopic
backward reachable sets depend strongly on the heuristic
definition of the function size used in the scaling step. For
the Dubin’s car example, we defined, given a constrained
zonotope CZ, size(CZ) = (Ty — ;) X (To — xy) X (T3 —
z5+3), where [z, T] is a tight hyper-interval containing C'Z.
Since the xz-component is responsible for the dynamics’
nonlinearity (i.e., the dynamics would be linear if 3 was
constant), we used “+3” in the last term to encourage
picking sets with larger z;-z2 projections and are thinner
in x3-dimension. This is helpful to avoid large linearization
errors that can be induced by large xs-components. Fig.
shows the obtained backward reachable sets represented
by constrained zonotopes. In our experiment on an Intel
Core i7-10510U/1.8GHz processor, it took 2142 seconds to
compute the constrained zonotopic sets, which highlights
the large computational demands associated with constrained
zonotopes. However, the sizes of the constrained zonotopic
sets appear to be larger than the corresponding zonotopic
sets, especially after several iterations of the backward
computations, which underlines the superior accuracy of
constrained zonotopes.

B. Planar quadrotor

Herein, we consider a discrete-time version of the six-
dimensional planar quadrotor model studied in [5], [6], [8]
obtained using Euler scheme, where

L1, k1 1,5 + TRk

T2 j+1 o) + TsRa

Tah+l | o | T3k + 753 i W a7
T4 k41 Ta g+ TsRag ’

T5 k41 sk + TeRs 1

6 k+1 5k + T Re i

Fig. 2. x1—x2 projections of the constrained zonotopic backward reachable
sets (gray) associated with Dubin’s car example. The red boxes correspond
to the unsafe set and the blue box corresponds to the target set.

Ry = xapcos(zsy) — wspsin(xsy), Rop =
zypsin(zs i) + @5k cos(x3 i), Rsp = Tek, Rap =
T5. 6Tk — gsin(xs k), Rsp = —TaxTer — gcos(Tsr) +

(g + uax)/m, Rep = l(wrp — uog)/J, 7s = 0.01,
g =9.81, m = 0.486, [ = 0.25, J = 0.00383, W = {06}ﬁ
The pair (z1,%2) represents the position, xgy is the
pitch angle, x4, and x5 j are the quadrotor velocities with
respect to the body frame, x¢ ) is the angular rate, and
u1,; and wugj are the thrust forces from the propellers.
Similar to the Dubin’s car example, we illustrate the ability
of our approach to producing a tracking controller for the
quadrotor model satisfying reach-avoid specifications with
the accompanying sets: X, = [0, 3] x [0, 3] x [—7/3,7/3] x
[-3,3] x [-2,2] x [-7, 7], & = {(0.5,0.5,0,0,0,0)"},
X = [2,3] x [2,3] x [-7/4,7/4] x [-1,1] x [-1,1] x
[—7/4,7/4], Xy = (([0.25,1.25] x [1.5,2]) U ([2,2.5] x
[0.5,1.5])) x ([-7/3,7/3] x [-3,3] x [-2,2] x [-m,7]),
U = [0, 2mgl?.

We generated a nominal state and input sequences using
sampling-based planning (see Figure[3), where the associated
computational time is approximately 7 seconds, and the value
of N obtained from the planning is 1190.

We then computed the input and state tubes according to
theoremEI, with a = 0.99, and obtained the tubes (see Figure
[) in approximately 0.05 seconds, which again highlights the
minimal computational demands for computing such tubes.

Backward reachable sets were then computed according
to Theorem [8] For the intersection under-approximations,
we used (@) with ¢ = 0.1. For the order reduction step,
we set o = 20 and for the OptimizedBoxes routine, we set
Neemax = 3000, and ds. = (1,1,0.9,0.85,0.85,0.9,1,1) .

SFor this example, our zonotopic computations were not able to handle
nonzero disturbances due to the nonlinearity of the quadrotor model, the
large number of steps needed to reach the target set, and the accumulating
inaccuracies of zonotopic under-approximations. Still, the zonotopic back-
ward computations with zero disturbance were beneficial as they resulted
in a larger ‘winning’ region, containing the initial point of interest, where
all the points in the wining region could be driven to the target set safely.



ry

Fig. 3. 1 —x2 projections of the nominal trajectory for the planar quadro-
tor model (black), state tube (light blue), zonotopic backward reachable sets
(gray), and a trajectory starting from the set Ao, where the proposed tracking
controller is incorporated (orange). The red boxes correspond to the unsafe
set and the blue box corresponds to the target set.

Moreover, si~ze(Z ), with Z being a zonotope had the same
definition as in the Dubin’s car example. The backward
reachable sets are depicted in Figure [3] where the associated
computational time is approximately 144 seconds, and that
is attributed to the relatively large number of time steps.

A tracking controller (the relaxed version of (T3) for
affine-in-control systems) was then implemented, and a tra-
jectory starting from the set Ag was computed (see Figure [3).
The average computational time per controller evaluation is
less than 0.02 seconds, indicating again the efficiency of the
online computations associated with the tracking controller.
The controller in this example was capable of driving the
quadrotor’s states to the target set, avoiding the unsafe values
and fulfilling the input constraints, which highlights the
promising applications of the proposed method.

VI. CONCLUSION

In this paper, we proposed a new tracking control ap-
proach for discrete-time nonlinear uncertain systems un-
der reach-avoid specifications and input/state constraints
using zonotope-based backward reachability computations.
Through two numerical examples, we illustrated the ef-
fectiveness of our approach, where the resulting tracking
controllers were safe and robust, and the associated com-
putational requirements were reasonable.

It is of our interest in future work to introduce fur-
ther refinements to the different aspects of our set-based
approach. For example, we seek to develop accurate and
computationally efficient zonotopic under-approximations of
intersections. Moreover, we aim to derive better heuristics
for enlarging the sizes of the backward reachable sets. Fur-
thermore, it would be interesting to extensively explore the
effectiveness of different classes of sets, besides zonotopes
and constrained zonotopes, in similar set-based backward
computations. Finally, we aim to compare our proposed
approach with the tracking approaches in the literature to

better elucidate its advantages and limitations in control
applications.
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