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Abstract— Constructing a large-enough control invariant
set that fits within a given state constraint is a fundamental
problem in safety-critical control but is known to be dif-
ficult, especially for large or complex spaces. This paper
introduces a safe control framework of utilizing PCBF:
continuously parametrized high-order control barrier func-
tions (HOCBFs). In PCBF, each choice of parameter corre-
sponds to a control invariant set of relatively simple shape.
Invariance-preserving control is done by dynamically se-
lecting a parameter whose corresponding invariant set lies
within the safety bound. This eliminates the need for syn-
thesizing a single complex HOCBF that matches the entire
free space. It also enables easier adaptation to diverse
environments. By assignhing a differentiable dynamics on
the parameter space, we derive a lightweight feedback
controller based on quadratic programming (QP), namely
PCBF-QP. We also discuss on how to build a valid PCBF
for a class of systems and how to constrain the parameter
so that the invariant set does not exceed the safety bound.
Finally, simulation experiments are conducted to validate
the proposed approach.

Index Terms— Safety-critical control, constrained con-
trol, nonlinear systems, robotics.

[. INTRODUCTION

Ensuring safety when designing a control law for a con-
trolled system is very important in many real-world applica-
tions. In order to address not myopic but persistent satisfaction
of the safety requirements, safety should be addressed from
the perspective of set invariance [1]. A typical safety-critical
control methodology therefore aims for creating a control
invariant set that is entirely contained within the pre-given set
of allowable states. An invariance-preserving control is then
applied to keep the system’s state within this set.

One of the most widely used approaches to construct a
control invariant set is to utilize a control barrier function
(CBF) [2]. CBF is a Lyapunov-like scalar function defined on
the state space, whose super zero level set defines the control
invariant set. Its main strength comes from its simplicity
of encoding invariance using a single scalar function. In
addition, once synthesized, a valid CBF offers a computation-
ally efficient means of enforcing safety constraints through
quadratic programming (QP), namely CBF-QP [3]. CBF-QP
introduces one additional inequality constraint to the input
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bounds and can be solved in real-time by any off-the-shelf
convex programming solver.

These advantages offered by CBF and CBF-QP have drawn
researchers’ significant attention, leading to an extensive body
of literature regarding practical applications, especially in
robotics [4]-[8] and also in other topics [9], [10]. There also
have been works to employ CBFs in a wider range of applica-
tions, for example, safety-critical reinforcement learning [11],
control of systems with stochasticity [12], [13], adapting to
changing dynamics [14], time-varying CBFs for satisfaction of
signal temporal logic specifications [15]. The recent concept
of high-order CBF (HOCBF) [16] generalizes the notion of
CBF to cover high relative degree.

The common aim of these methods is to construct a barrier
certificate corresponding to a invariant set that fits within the
given state constraints. Considering the control performance,
it is obviously important to obtain a valid barrier function
that provides a sufficiently large control invariant set within
the prescribed limit. Unfortunately, synthesizing a valid one is
often not straightforward and easily becomes computationally
burdensome, particularly with large or complex environments.

In this paper, we introduce an invariance-preserving control
framework that uses continuously parametrized spectrum of
HOCBFs, which we call parametrized CBF (PCBF). PCBF is
a Lyapunov-like scalar function that takes not only the state but
also a parameter which lives in a continuous parameter space.
For each fixed parameter, PCBF is a valid yet relatively simple
HOCBEF that defines a small building-block control invariant
set. Given a set of safe parameters (whose corresponding
invariant sets lie within the safety bound), a large control
invariant set that spans the entire free space is constructed
by taking the union of them.

The proposed PCBF framework decouples the problem of
synthesizing invariance guarantees into the following two:

Problem 1. Given the system dynamics, construct a PCBF.
This includes designing the parameter space and finding the
building-block invariant sets.

Problem 2. Given the safety bound and the PCBF, construct
the parameter constraint that describes the safe parameter set.

Addressing [Problem 1| does not require considering the po-
tentially complex safety bound; and given the building-block

invariant sets, is purely geometric (it is a problem
of determining set inclusion) and does not explicitly depend on
the system dynamics. In many cases, this significantly reduces
the computational burden compared to directly searching for a
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single valid barrier certificate that spans the entire free space.
Moreover, it gives adaptability to various environments, since
only the parameter constraint (and not the PCBF) needs to be
resynthesized when shifting to a new safety bound.

Finding a general answer to the two problems (i.e., a
systematic way of constructing a PCBF and the parameter con-
straint from the dynamics model only) is hard and remains an
open problem. However, in this paper, we find that continuous
symmetry of the system dynamics, which is often found in a
wide range of real-world dynamical systems, naturally extends
a single HOCBF to give a valid PCBF. We also introduce
a design process of the building block invariant set using a
stabilizing controller and a Lyapunov function. We also briefly
discuss on how the parameter constraint should be constructed.

Once a valid PCBF and the parameter constraints are
obtained, we are then interested in the invariance-preserving
control problem:

Problem 3. Using the PCBF and the parameter constraint,
synthesize a computationally lightweight feedback control that
renders the resulting safe set (the union of the building blocks)
invariant.

To guarantee invariance, we assign a single integrator dynam-
ics on the parameter space and augment it to the system.
The control is done with respect to the augmented system
in a manner that the parameter always stays within the safe
parameter set, and the state stays within the building-block
invariant set corresponding to the current parameter value.
Leveraging the continuity of the parameter space, we devise a
CBF-QP-like safety filter based on PCBF (PCBF-QP), which
is capable of constraining the augmented system as mentioned.

The definition of PCBF in this paper is the high-order
generalization of our recent conference paper [17], which
briefly introduced PCBF and PCBF-QP for the relative-degree-
one case. On that, the discussions on the barrier function
synthesis, i.e., [Problem 1| and [Problem 2| are new in this
paper. We present two numerical examples, one demonstrates
the barrier function design process abovementioned, the other
addresses the high-order case. The remainder of this paper is
organized as follows. We start by introducing the necessary
concepts and assumptions in The concept of PCBF
and its definition is presented in Then follows
in which we derive PCBF-QP and answer [Problem]
Bl In we discuss the design process and give a

partial answer to [Problem 1| and [Problem 2| The numerical
examples are presented in [Section VI| which is followed by

the summary and outlook of the work in [Section VII

Il. PRELIMINARIES
A. Notation

For positive integers I, m, and n, R! and R™*" denote
the set of [-dimensional real column vectors and matrices of
size m X n, respectively. An inequality between two vectors
denotes that it is satisfied in an elementwise manner. We
use the notation J¢3(£) to denote the partial derivative of 3
with respect to argument &. The Lie derivative of a function
V : R™ — R along a vector field f : R® — R" is written

as LyV(z) = 0,V(z) - f(x). If a function f is r times
continuously differentiable, we write f € C". Throughout this
paper, we use the symbols z € R", u € R™, k € R", and
t € [0,00) to denote state, input, CBF parameter, and time,
respectively. The roman-font x, u, k are used to emphasize
that they are trajectories, i.e., functions of time.

B. Dynamics

In this paper, we consider the following nonlinear time-
invariant control-affine system dynamics:

(1) = f(x(2)) + g(x(t))u(?). ey

The functions f : R™ — R™ and g : R™ — R™"*™ are locally
Lipschitz functions so that given any initial value x(0) and a
measurable input trajectory u(t), there exists a unique solution
x at least locally. The input is assumed to be bounded by a
set of linear inequalities, i.e.,

u@) eU={ueR™: Ayu<b,}, Vte[0,00) (2

where A, and b, are a matrix and a column vector with
appropriate sizes.

C. High-Order Control Barrier Functions

Definition 1 (Relative Degree [18, Definition 13.2]). The
output A : R® — R of the system has relative degree
rif LyLih(z) = 0 for all z € R” and j € {0, -, 7 — 2},
and LgL;flh(J:) = 0 almost everywhere on R"™.

In this subsection, we provide a brief overview of HOCBFs
[16]. Let A : R™ — R be a C" output for the system
with relative degree . With this, we want to drive the system
in a way that h(x(t)) > 0 is satisfied throughout the interval
t € [0, 00). The vector field f appearing in the dynamics [(1)]is
assumed to be at least C"~1, with its (r —1)-th order derivative
being Lipschitz.

Define a sequence of functions () : R™ — R as follows:
Yo(x) = h(x) (
¥i(x) = ¥j-1(x) + a;(¥-1(2)), Vie{l,---,r—1}

where a;(-), j € {1,---,r — 1} are class K functionsﬂ For
the sake of well-definedness of ;, o; is assumed to be at
least C" 7. Note that the relative degree of ¢; is at least 7 — j
and thus the term ¢j, 1 in the second line can be written as a

function of x only: 9; 1 (x) = Lsth;_1(z). The key idea of
HOCBEF is that

(@) = j_1(z) + ay(1hj—1(x)) = 0 4)

gives ;_1(x) > 0 if ;1 () value starts at a nonnegative
initial condition. If there exists a class /C function «, such
that there exsts an input u € U for any x such that

1&7'—1(337 u) + av-(%-—l(ﬂ?))
= Lythp—1(z) + Lgtr—1(z) - u + ar(Pr_1(x)) > 0,

3)

&)

'A function « : [0,00) — R is a class K function if it is continuous,
strictly increasing, and «(0) = 0.
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then it will initiate a chain of nonnegativity certificates and
eventually render the set

c=()¢; (6)
j=1

invariant, where for each j € {1,--- ,r} the set C; is defined
as Cj = {l‘ e R™: ’lﬂjfl(l') > 0}

Definition 2 (High-Order CBF [16]). A function h : R" — R
having relative degree r with respect to the system is a
HOCBE, if there exist class K functions o; € C"77, j €
{1,---,r} such that there exists an input v € U (depending
on x) satisfying

war—l(m) + ngr—l(m) S+ a'r'(w'r—l(x)) > 07 (7)

for all x € C, where the functions 1/1(.) are defined recursively
as Yo(z) = h(z), ¥;(x) = Lyj1(x) + o;(¢j-1(x)) for
jed{l,---,r—1} and C = {z : ¢Y;_1(x) > 0, Vj €
{1, 1}

Remark 1. CBF is the special case r = 1 of

Now, let Upocent(z) = {u € U :[(7) holds.}. It can be easily
seen that ensures nonemptyness of Upocnt () for
all x € C. Any feedback controller u(z,t) will render the
set C' invariant if u(x,t) € Upoebt(z) for all z € C and
t € [0,00). Leveraging this, one can construct a QP-based
safety filter which is a generalization of [3]:

u(t,r) = arg urgﬂl{r}n [ — et (£, 2) || ®)
s.t. u € Unoebt (),

where ||-||w is a weighted two-norm, which can be solved

at a very low computational cost using off-the-shelf convex
programming solvers.

I1l. PARAMETRIZED CBF

Given the basic definitions and the necessary assumptions,
let us begin the discussion by setting up the problem in more
detail. Let A C R™ be the set of allowable states. For example,
for a mobile robot collision avoidance task, A contains all
robot states not overlapping with the obstacles. While A is not
necessarily control invariant, not every state in A is actually
safe, and we want a large control invariant set C' such that
C C A. As mentioned in the introduction, directly searching
for a HOCBF (and also the corresponding class K functions)
for this purpose often becomes computationally intractable.
This is because it requires solving the variational inequality
(7)| subject to the inequality condition C' C A, i.e.,

(%‘71(35) > 07 V] € {17 e 77’})

On the other hand, constructing a simple HOCBF without
considering the constraint C' C A is relatively simpler in
many cases. Moreover, it is often easy to obtain a continuous
spectrum of HOCBFs, rather than a single one. That is, we
can often find a single scalar function A : R"™ x Ky — R such
that for any k& € Ko C R™, h(-,k) is a valid HOCBF that
satisfies We call such h a PCBE.

= ze€A C))

Definition 3 (PCBF). A function h : R™ x R™ — R is
a PCBF of relative degree r if there exist functions «; (€
Cr7):RxR™ — R (j€{l, - ,r—1}) such that a;(-, k)
are class I functions that make A(-, k) a valid HOCBF of
relative degree r for every fixed k € Ky C R™*.

Remark 2. PCBF is a generalization of HOCBF: Consider
the case where K is a set with only one element. It also
generalizes the special case » = 1 presented in [17].

Similarly to HOCBFs, we define a sequence of multivariate
functions ¢;(z, k) as follows.

bo(x, k) = h(z, k)

10
b3 k) = Lyoy (o k) + 05y a (B B), OO
and the sets
Cj(k) = {:E € R™: d)j—l(xak) Z 0}7 ] € {17 o ar}a
(11)

C(k) = ﬂ C; (k).

The definitions for ¢,y are very similar to .y from and
their values are actually identical given stationary (i.e., fixed)
k. Still, it is important to make distinctions between the two
definitions (we used different notations here), and with time-
varying parameter k(¢), the value of ¢;(x(t),k(¢)) might not
be equal to % ;1 (x(t), k(£)) + 0y (61 (x(£). (1)), k(1)).

Observe that for every k € Ky, the set C(k) is control
invariant since h(-, k) is a valid HOCBF. Further, since the
union of control invariant sets is also control invariant [19,
Proposition 4.13], for any K C K,

C=JcCkcr

keEK

(12)

is also control invariant. While the sets C'(k) are not nec-
essarily safe (i.e., C(k) € A), given A, we can properly
select a subset K such that C' is not only control invariant
but also C' C A, without the need for directly addressing the
set inclusion condition

Notice that finding a valid PCBF does not depend on
the given environment A. Additionally, given a PCBF #h,
constructing a valid parameter constraint /K that matches the
safety bound A does not require explicit consideration of the
dynamics. This enables decoupling of the barrier synthesis
problem, as delineated in [Problem 1| and [Problem 2|

[V. INVARIANCE-PRESERVING CONTROL USING PCBF

In [Section III we have seen that we can derive a com-
putationally lightweight QP-based safety filter which takes a
reference input signal and gives a safe input which renders
the HOCBEF invariant set C (from @ invariant, once a valid
HOCBEF is given. In this section, we derive PCBF-QP, a QP-
based computationally light safety filter that renders the PCBF
invariant set C' (from [(I2)) invariant.

A. Constructing Input Constraints using
Parameter-Augmented Dynamics

Rendering C (the PCBF invariant set) invariant is equivalent
to driving the state trajectory x(¢) in a way that there exists at



IEEE TRANSACTIONS AND JOURNALS TEMPLATE

least one choice of parameter k& € K such that x(t) € C(k). A
simple but naive approach for this is to pick a parameter k € K
which makes ¢;_1(x,k) > 0 for all j € {1,---,r}, along
with the control input u that satisfies the HOCBF constraint.
That is, similarly to [7], select u(¢) and k(¢) that solve

min J(z, k,u,t)

u,
s.t. Lydr—1(z, k) + Lgdr_1(z, K)u + o (dr_1(z, k), k) > 0
(;5]',1({177]6) >0Vj e {1, ,’f‘}, ke K, ueU

13)
with = x(t), where J is an appropriate cost function. The
problem in this form is that [(I3)] is generally a nonlinear
and nonconvex problem whose optimization typically requires
heavy computation, making it inappropriate for real-time feed-
back synthesis. Moreover, it is very likely that the solution
is discontinuous with respect to x(¢), which may result in a
severe chattering phenomenon.

Thus, instead of directly optimizing over the parameter
space, we will require the parameter k to evolve continuously
with respect to time by controlling it with through its time
derivative. Consider the following augmented system

x(t) = f(x(t) + g(x(t))u(t)
k(t) = v(t),

where (x(t),k(t)) € R™ x R™ 1is the augmented state,
(u(t),v(t)) € U = U x R™ is the augmented input. Now,
the parameter k is no longer an optimization variable but the
controller’s internal state that has to be controlled by the virtual
input v € R™*,

At this point, we introduce an additional (yet not restrictive)
assumption that K can be represented using differentiable
inequality constraints, i.e., K = {k € R™ : p;(k) >0, Vi €
I}, where p; are differentiable functions, 7 is a finite index set,
with the regularity condition O p;(k) # 0 if p;(k) = 0. With
respect to the augmented system [(I4)] consider the disjoint
union of C'(k), i.e.,

C=|]cw
keK
= {(:C,k) ke Ka ¢j—1(ka) > OVJ € {17 77'}}'
(15)
We will construct a constraint on the augmented input to
render C invariant with respect to the augmented system. Since
the projection of C onto the original state space R™ is C,
invariance of C' under the augmented dynamics directly relates
to invariance of C' under the original dynamics.

A necessary condition for C' to be control invariant with
respect to the augmented system is the invariance of K with
respect to the single-integrator parameter dynamics. Thus, if
k(t) € K, there must exist a virtual input v € R™ such that

(14)

pik() =0 = L pu(k(1) = Bepu(k(1) v > 0

for all 7 € I. Following the motivation of barrier function
approaches including CBFs, we smoothen this requirement by
introducing the inequality constraint

Opi(k) - v+ Bi(pi(k)) =0,

(16)

a7

for all k¥ € K and i € I. Here, (5; is a class K function.
Similarly, for ¢,_1(x, k) to be kept nonnegative, we require

qufl(kavu’v) +aj(¢j*1(ka)vk)
= Lf¢j_1(x, k) + Lg¢j_1(I, ]{1) cu 8k¢j_1(f£, ]{1) 0
+aj(¢j—1($’ k)7k)
= ¢j(x, k) + Oppj—1(z,k)-v>0
(18)
forall j € {1,---,r—1}, and

Qbrfl(x; ka U, U) + O‘T(Qbrfl(xa k))
= qusr_l(z, k) + Lg(br—l(xy k) U+ 8kq§,n_1(:z:, k}) - v
+ ap(pr_1(z, k), k) > 0.
19)

To obtain the last equality of we used the fact that
(bj(.%‘,k) = Lf(bj_l(l‘,k‘) + aj(¢j_1($,k)), and the term
Lyo;i_1(z, k) - u reduces to zero since the relative degree of
¢;j—1(-, k) with respect to the original dynamics[(D]is r—j+1,
which is greater than 1.

Combining [(T7)] [(18)] and [(19)] we can consider the fol-
lowing feasible set on the augmented input space:

Upcbf(xa k) =

{(uv)GU:vje{l’”.’r_l}’ } (20)

’ Api(k) - v+ Bi(pi(k)) >0, Vie I’
which is nonempty for any (z,k) € C. This is be-
cause for any w such that Ly¢,_1(z,k) + Lgdr—1(z, k)u +
oy (pr—1(x, k), k) > 0, it can be easily seen that (u,0) €
Upev(, k). The existence of such u is guaranteed for all
(x,k) € C since h(-, k) is a HOCBF.

Remark 3. PCBF can also handle time-varying parameter
constraints relaxing with respect to time, for example, an
exploration task. A sufficient yet not conservative condition
for this is the existence of a class K function (; for every
i € I such that O.p;(k,t) + Bi(pi(k,t)) > 0. Then, replacing
[(A7)| with 8, p;+Okp;-v+Bi(p;) > 0 does not break invariance,
since v = 0 is still a feasible solution.

Remark 4. PCBF does not have relative degree r with respect
to the augmented dynamics. That is why [(20)| has an inequality
constraint for every j. Another perspective of viewing this
is that with respect to the augmented dynamics, we have
constructed r + |I| barrier-like functions, all with relative
degree 1, the intersection of whose super zero level sets
defines C, in a way that they are all compatible within C, i.e.,
Upebt(, k) is nonempty for all (z, k) € C. This compatibility
is not general for naive composition of multiple (HO)CBFs, as
there might not exist a control input that satisfies all the input
constraints: The intersection of multiple control invariant sets
is in general not invariant.

B. PCBF-based QPs for Invariance Guarantees

Consider the following optimization-based controller, which
we call PCBF-based QP (PCBF-QP): Given the augmented
dynamical system and PCBF h, solve

(u(t),v(t)) = arg min_J(x(¢),k(t),u,v,t)

(u,v)eU (1)
s.t. (u,v) € Upene(x(t),k(1)),
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where J(-- ) is a cost function that is strictly convex quadratic
with respect to (u,v). This QP always has a unique global
minimizer for any (x(t),k(t)) € C, since Upept(x(t),k(t)) is
nonempty (as mentioned above) and J is strictly convex with
respect to the decision variables. A decent choice of the cost
function J that works fine for many cases is to let J take the
CBF-QP-like form:

I (@, by u,v,) = [lu— et (@, O}y + pllvl} @22)

where ||-||w and ||-||v are weighted two-norms, u,er is the
reference input signal, ;¢ > 0 is a tunable and usually very
small parameter which provides strict convexity and enhances
numerical stability of the controller.

V. PCBF AND PARAMETER SET DESIGN

A general framework to construct the PCBF and the param-
eter constraints is in general not straightforward still remains
an open problem. However, in this section, we introduce some
design techniques that apply to a class of practical dynamical
systems.

A. Symmetry-Induced PCBFs

Definition 4 (Continuous Symmetry of Dynamics). The dy-
namics is said to have continuous symmetry if there exists
a Lie group G acting on the state space R™ such that for any
q € G, if the state and input trajectory pair (x,u) solves the
ODE then also does the pair (¢ o x,u). Here, ¢ € G as a
function (g : R™ — R"™) denotes the Lie group action.

A system model found in real-world often (and almost
always for a mobile robot) exhibits a continuous symmetry.
This means that the dynamics is invariant under a continuous
spectrum of coordinate changes. For example, the kinematics
and dynamics of a planar mobile robot can be written in
the same form regardless of which SE(2) coordinate we
choose. As delineated in continuous symmetries
can be mathematically understood using Lie group actions.
Continuous symmetry provides a simple yet powerful way of
constructing PCBFs, which we call symmetry-induced PCBFs.

Theorem 1 (Symmetry-Induced PCBF). Let b : R" x Ky — R
be a PCBF (with relative degree r, KO - Rﬁ*’)for a system
with continuous symmetry with the corresponding Lie group of
symmetry being G. Then, h(x,k) = h(q~*(x), k) is a PCBF
with the new parameter k = (q, IAc) € Ky =G x K.

Proof. We will prove the equivalent statement: If h : R” — R
is a HOCBEF, then b/ = ho g~ also is.

Let (x,u) : [0,T) — R™xU be a dynamically feasible state-
input trajectory pair where 7 is a positive time horizon, i.e., x
is the unique solution to the ODE x(t) = f(x(t))+g(x(t))u(?)
given initial condition x(0). Given the continuous symmetry
and the same u, if z : [0,T) solves the initial value problem
#(t) = f(z(t)) + g(z(t))u(t) and z(0) = ¢(x(0)), then for all
t€0,T), z(t) = q(x(t)).

Thus, for any testing function 5 : R" — R, B(x(¢t)) =
(Bogtogox)(t) = (Bog')(z(t)). This means that under the

same input signal u(t), (£)’ (x(t)) = (£)’ (Bog=")(z(t))

up to any order j € {0,1,---} as long as they exist. Letting
3 be the vy functions concludes the proof. O

Symmetry-induced PCBFs are also powerful in terms of
parameter constraint construction, since the shape of the
invariant sets C'(k) remain unchanged under the orbit of the
Lie group action.

Theorem 2. Suppose h is a symmetry-induced PCBF with the
Lie group of symmetry and the parameter space being G and
G x Ky, respectively. Let Co(k) = C((1a, k)), where 1¢ is
the identity element of G. Then, C(k) = q(Ce(k)) = {q(x) :
x € Ce(k)} (k= (q,k))

Proof. The result follows directly from the definition of
symmetry-induced PCBF h(z, k) = h(q~ (), k). O

tells that C(k)-s are transformed copies of C,(k),

which reduces the search space for constructing the parameter
constraint. For example, if A is expressed as

A={zeR":li(z) >0, Vi € I}, (23)
then any p; such that
pi(k) < min_(I; 0 q)(x) (24)

z€Ce (k)

would make C' C A. Notice that the search space on the right

hand side is reduced to C,(k).

B. PCBF Construction using Stabilizing Control

Let o € R™ be a point in state space to which the system
is stabilizable. That is, there exists a Lyapunov function V()
such that V'(x) > 0 for all z, V(z¢) = 0 if and only if x = x,
and

iréi[r]l LiV(x)+ LV (z)u <0. (25)
Then, for any b > 0, b — V(z) is a CBF (i.e., a HOCBF
with » = 1) [7], and therefore h(z,b) = b — V(x) is a
PCBF with parameter b € Ko = {b € R : b > 0}.
In many cases, finding a valid Lyapunov function is easier
than searching directly for a (HO)CBE, not only because
Lyapunov functions are sometimes handcraftable, but also
because there are readily a handful of existing nonlinear
control methodologies designed specifically for stabilization
of nonlinear systems. These include but not are limited to
backstepping control, sliding mode control, neural Lyapunov
control [20], all coming with valid Lyapunov functions. With
appropriate setting, Hamilton-Jacobi reachability [21], [22]
method can also be used to find a Lyapunov function.

Combined with the symmetry-based technique of the pre-
vious subsection, this Lyapunov-based method serves as an
especially powerful tool in tasks such as collision avoidance of
mobile robots. If the system exhibits a continuous symmetry,
the system being stabilizable to o € R™ automatically implies
it is also stabilizable to ¢(xg), for any ¢ from the group of
symmetry G, and as such, h(x,k) = b—V (g *(x)) is a valid
PCBF with the parameter k being k = (b > 0,¢ € G). In
other words, the PCBF framework allows synthesizing a safety
filter for complex environments using only a single stabilizing
controller.
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Ego Vehicle Front Vehicle

Fig. 1. The inter-vehicle distance maintenance scenario
[A). The ego vehicle is required to maintain a safe distance of & from the
front vehicle. The position of the ego vehicle and the front car are x;
and pg, respectively. Their velocities are 2 and py.

C. Parameter Augmentation using Auxiliary Variables

Another advantage offered by the PCBF framework is that
it allows augmenting the parameter space using auxiliary
variables. That is, given a PCBF h, the user can build a
new PCBF h(z, k) = h(z, k) with the augmented parameter
k = (k,n) € K = Ky x E, where n € E C R" is the
auxiliary variable. One can adopt many constraint engineering
techniques from mathematical optimization [23] to mitigate
the burden of building the parameter constraints. For example,
if the shape of A is complex to handle, one can define a simple-
shaped (e.g., polygonal or ellipsoidal) set-valued function
D(n) C R™, and specify the parameter constraints to ensure
D(y) C A and C(k) C D(1).

VI. CASE STuDY

In this section, we present two simulation results that well
exemplify practical applications of the proposed framework. In
the first scenario, we demonstrate PCBF-QP with r» = 2 using
a simplified vehicle dynamics model, where a time-varying
parameter constraint (see is employed. The second
scenario addresses mobile robot collision avoidance problem,
where the design techniques introduced in are used.

A. Inter-Vehicle Distance Maintenance

Consider the following simplified vehicle dynamics:

i = {ij = f(z) + g(z)u = [8 (1)} Bj + m u, (26)
where each component of the state = [z 2] € R? denote
the position and the velocity of the vehicle, u € [ur,uy] C R
denotes the acceleration input. The two parameters uy < 0
and uy > 0 denote the control bounds. As shown in [Fig. 1]
the goal of the ego vehicle is to move forward at a prescribed
speed vy > 0 while maintaining a safe distance of § > 0 with
the preceding vehicle at position py(t) and velocity p(t). We
assume that the front car never moves backwards, i.e., p f(t)
is nonnegative.
The PCBF h is designed as follows:

hiz, k) =k —x; 27

where £ € R is the parameter whose physical interpretation
is the position on the road before which the vehicle is able
to come to a complete stop. With a1(z,k) = Vaz+ €2 —e
and as(z,k) = vz (2 > 0, € > 0, v > 0), this h satisfies the

condition if a > —2/ug, > 0. With them, ¢.) are

given as follows:
do(x, k) = h(z, k) =k — a1
¢1(w, k) = —22 +a(k —x1) + €2 — e

To avoid collision with the front vehicle, we introduce one
time-varying parameter constraint

plk,1) = ps(t) — k — 6.

It is straightforward to check that p(k,t) > 0 if and only
if pp(t) —p > 6 for all x = (p,v) € C(k), and p(k,1)
always increases with respect to time and thus the conditions
in holds with any class X function §.

In order to encourage the ego vehicle to move at a
speed close to v.ef, we make use of PCBF-QP with cost
J(x, k,u,v,t) = (sat(ues(w,t)) — u)? + pv? where the
reference input u,.¢ is given as a simple linear speed feedback
Uyer (2, 1) = L(vres—x2). Here, sat(+) is the saturation function
that clips off the excessive input to fit the bound u € [u, uy],
and p and L are constant positive reals.

Simulation was conducted using up, = —1, uy = 1, § =
05, ¢ =01a =2 v =2 By =2y, p = 0.01 and
L = 1. The ego vehicle starts at x = 0 and k£ = 0.1, and its
reference speed is v = 1.5. For the leading vehicle behavior,
we consider three different scenarios.

(28)

(29)

1) py(t) = 1+ t: The front vehicle moves at a constant
speed which is slower than vy.¢.

2) py(t) = 14+t+0.5sin(2¢): The front vehicle repeatedly
accelerates and decelerates.

3) ps(t) = max{1+t,6}: The front vehicle first moves at
a constant speed, and then suddenly stops at ¢ = 5.

The results for three scenarios can be found in As
shown in the plots, the ego vehicle successfully keeps the
safe distance from the preceding vehicle and the input limits
simultaneously through PCBF-QP.

B. Collision-Free Mobile Robot Navigation

In this example, following the design techniques explained
in we will construct a PCBF for a wheeled
ground rover navigating in obstacle-cluttered space obeying
the following simplified bicycle-like dynamics:

1 T3 COS Ty 0 0
. j?g _ _ |3 sinx4 0 0 (51
{,.C4 0 0 I3
(30)

where the components of 2 = [z1, 22, 73,24 € R* denote
the horizontal and vertical positions, forward velocity, and
heading angle of the robot, respectively, which are controlled
through acceleration (u; € R) and steering (ug € R) inputs.
We assume that the inputs are bounded by a box constraint
uweU=[-1,1] x [-1,1].

The mission for this example is to track the reference input
given by the user, while avoiding multiple circular shaped
obstacles. The number of obstacles is /N, and for each i €
{1,---, N}, the i-th obstacle is located at position (z; 1, 2;,2)
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Fig. 2.  Simulation result for [Section VI-A] Regardless of the front vehicle behavior (as long as it does not reverse), PCBF-QP is capable of
keeping the ego vehicle’s position 1 at least § = 0.5 apart from the front vehicle’s position ps. The values of ¢ .y and p are simultaneously kept
nonnegative through PCBF-QP.

Fig. 3. Four snapshots taken from the simulation experiment on collision-free mobile robot navigation (Section VI-B). The obstacle configuration
(position and size) is randomly chosen, and the reference input u,.r is manually given by a human operator who is instructed to transmit aggressive
inputs. In each subfigure, the red ellipse denotes C'(k), the dotted ellipse is C (k) buffered by the robot’s size, black solid line is the robot’s trajectory
on the x1-x2 plane, gray shaded regions are the obstacles, and the blue polygonal region is the collision-free space defined by the separating
hyperplanes described by the auxiliary variable n. The boxes on the top left of each snapshot denotes the time the snapshot is taken. The attitude
of the robot is depicted as red and green axes. PCBF-QP ensures the robot to stay away from any collision, regardless of the aggressiveness of
the input.

on the z;-x2 plane and has radius R; > 0. The robot is
modeled as a circle on the z1-z5 plane, having radius R > 0.

As the first step, we find that the dynamics [(30)| is contin-
uously symmetric under the Lie group action of SFE(2). This
symmetry is very natural in that the dynamics of a ground
0 10 20 30 40 50 60 70 80 robot [(30)] can be written in the same form regardless of the
' ' ' ' ' ' ' ' choice of coordinate. For a ¢ € SE(2), the Lie group action

\ ) y AA ] q(x) is defined as accordingly translating and rotating the
PA NS - pose-related elements (1, z2,24) with the velocity x3 being
PN A ffl)(;\_

4‘0 5I 6‘0
Time [s]

PCBF Value

N
S

T
1

o
1

P Value

unchanged. We also find that the robot is stabilizable to the
70 80 origin by utilizing the following handcrated control Lyapunov
function.

o o

0 10 20 30 0

Fig. 4. The values of PCBF h and parameter constraint p(.y in the
robot navigation example, plotted as a function of time. It can be seen
that PCBF-QP is capable of keeping the values nonnegative at all times.

1
V(%):1/18%4—41‘%+62—6+§{E§+1—COS$4 (31
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This V is a valid Lyapunov function for any € > 0 because

1 —21COS Ty — 229 8in Ty

N T R 0

is a feasible input that makes the V'(x) value nonincreasing.
With the two observations given, we follow the steps delin-
eated in to obtain a symmetry-induced PCBF

h(z,k) =b—V (g (z)), k = (b,q) € Ko = [0,00) x SE(2).
(33)

Notice that the x1-z5 projection of the b-level set of V'(x),
i.e., C(k) with ¢ being the identity element, is always an
ellipse with the two semiaxis diameters being 2v/b% + 2be and
V/b? + 2be and the major semiaxis pointing to the positive 1
direction. Utilizing this and [Theorem 2] and following
we augment the parameter space using an N-dimensional
auxiliary variable 7 € RY. This defines N hyperplanes (i.e.,
lines) on the ;-7 space, resulting in polygonal D(n) C R
For each element of 7, we employ a parameter constraint
which constraints each hyperplane to strictly pass between
each obstacle and the ellipse (buffered by the robot’s size R),
as shown in [Fig. 3] This ensures C'(k) and the obstacles do not
overlap, and thus C C A. We omit the details of the derivation
due to limited space and since it is a tedious series of basic
hand-doable calculations.

Simulation experiment was conducted using € = 0.01,
R = 0.3 and N = 15 randomly placed obstacles of random
sizes. Note that handcrafting a single CBF that covers this
workspace is almost impossible. We used a(y, k) = 2y and
By (y, k) = 2y for the class KC functions. The reference input
Uyer 1S given through manual control by a human operator, who
is instructed to give aggressive inputs towards the obstacles,
so the overall closed-loop system should rely on the PCBF to
avoid any collision. [Fig. 3| shows four snapshots taken from
the simulation. Regardless of the aggressiveness of the manual
reference input, the robot always stays within the set C'(k)
which is placed collision-free due to the parameter constraints.
In it can be seen that the values of PCBF / and
the parameter constraint functions p(.) are kept nonnegative
throughout the simulation.

cU (32)

VIl. CONCLUSION

In this work, we introduced the concept of PCBF, a dif-
ferentiably parametrized spectrum of HOCBFs, along with
PCBF-QP, a QP-based feedback controller that uses a PCBF.
Multiple parameter constraints can be addressed using a PCBF,
allowing it to cover a relatively large and complex subset of
the workspace using simple building-block control invariant
sets. We also introduced some design techniques that can
be used for a class of systems to design a valid PCBF and
the parameter constraints for invariance guarantees within a
given safe region. Simulation experiments were conducted to
validate the proposed methodology.

While the proposed design technique was successful in the
shown simulation environments, systematic synthesis of these
certificates for general nonlinear systems remains an open
area requiring further investigation. In addition, fusing with
stochastic control methods to enable PCBFs to cover uncertain
or stochastic dynamics models is another possible future work.
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