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216 Collaborative Constraint Satisfaction in Multi-Agent Systems

Case D: Infeasible Spatial Constraints

In this example, agents 1 and 3 constraints are the same as Case B and agent
2’s constraints are further shrunk to ψ2,1px2,x1q “ p1.4q2 ´ }x2 ´ x1}2 ą 0, and
ψ2,2px2,x3q “ p0.4q2 ´ }x2 ´ x3}2 ą 0, leading to an infeasible scenario.

The simulation results are shown in Fig. 8.6. As depicted in Fig. 8.6 (right),
the maximum value of βpxq is negative (βpx̂˚q « ´0.35), and its optimizer x̂˚

gives β̄px̂˚q « ´0.18, indicating that the multi-agent constraints are infeasible. De-
spite this, the agents achieve a least-violating spatial configuration. After 300 sec-
onds, the agents reached the approximate optimal configuration: x̂˚

1 “ r0.98, 0.00s,
x̂˚

2 “ r´0.98, 0.00s, and x̂˚
3 “ r´0.41, 0.00s, with none of the agents fully satisfying

their constraints. Although agents 1 and 3 slightly violated their constraints, their
adjustments contributed to minimizing overall violations of the constraints at the
group level.

Case E: Nonconvex Global Objective Function (rendezvous behavior)

We consider the same long-term constraints as in Case A, with the addition of the
following constraints for agents 2 and 3: ψ2,2px2,x1q “ }x2 ´ x1}2 ´ p0.2q2 ą 0,
ψ3,2px3,x1q “ 1 ´ }x3 ´ x1}2 ą 0, ψ3,3px3,x1q “ }x3 ´ x1}2 ´ p0.2q2 ą 0, and
ψ3,4px3,x2q “ }x3 ´ x2}2 ´ p0.2q2 ą 0.

Note that ψ2,2px2,x1q ą 0, ψ3,2px3,x1q ą 0, and ψ3,4px3,x2q ą 0, ensure a
minimum separation distance among agents. As stated in Remark 8.8, these con-
straints can lead to a nonconvex global multi-agent objective function in (8.19). As
shown in Fig. 8.7, the agents achieve a sub-optimal formation (due to the noncon-
vexity of the objective function) that satisfies all spatial constraints roughly from
t “ 15.56 onwards. Unlike Case A, where position consensus occurs, the minimum
distance constraints prevent consensus, but the agents still achieve rendezvous near
the target point r2, 0s, with agent 1 ending up exactly there. The final positions
after 300 seconds are x̂˚

1 “ r2.00, 0.00s, x̂˚
2 “ r1.33, 0.28s, and x̂˚

3 “ r1.42,´0.43s.
Note that the resulting formation is not unique.
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(a)

(b)

Figure 8.7: Simulation results for multi-agent spatial constraints in Case E.

8.9 Conclusions

In this chapter, we addressed long-term spatial constraints in multi-agent systems,
where agents not only satisfy their own constraints but also assist others by form-
ing a desired configuration collaboratively. We first formulated the problem as a
centralized optimization, introducing an objective function whose positive values
indicate constraint satisfaction, with higher values signifying better fulfillment. To
design distributed control protocols, we derived an alternative objective function
expressed as the sum of local functions, each dependent only on the agent’s own
constraints. This enabled us to propose a distributed optimization scheme approx-
imating the centralized solution. We also established conditions for the convexity
and strict convexity of the global objective function. Finally, using a continuous-
time consensus-based distributed optimization algorithm, we developed a control
protocol for single integrator agents.
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8.10 Proofs

8.10.1 Proof of Lemma 8.1

Since β̄p¨q is continuous, from Theorem 2.3, ´β̄pxq has compact level sets if and only
if it is radially unbounded. From (8.6), we can express ´β̄pxq “ maxt´ᾱ1px1,xI1 q,
. . . ,´ᾱN pxN ,xIN

qu. Thus, ´β̄pxq is radially unbounded if and only if at least one
of the functions ´ᾱipxi,xIi q, i “ 1, . . . , N , tends to `8 along any trajectory where
}x} Ñ `8. Furthermore, from (8.5), we have ´ᾱipxi,xIi

q “ maxt´ψi,1pxi,xIi
q,

. . . ,´ψi,mi
pxi,xIi

qu. Therefore, ´ᾱipxi,xIi
q Ñ `8 if and only if at least one

of ´ψi,kpxi,xIi
q, k “ 1, . . . ,mi, tends to `8. Consequently, ´β̄pxq is radially

unbounded if and only if at least one ψi,kpxi,xIi q, k “ 1, . . . ,mi, i “ 1, . . . , N ,
tends to ´8 along any trajectory where }x} Ñ `8.

8.10.2 Proof of Lemma 8.2

Consider fpxq :“
řN
i“1 fipxi,xIi

q in (8.19). The convexity of all local objective
functions fipxi,xIi

q with respect to their arguments ensures the convexity of fpxq.
The functions e´ναψi,kpxi,xIi

q, k “ 1, . . . ,mi, i “ 1, . . . , N , are log-convex (see
Definition 2.15) in their arguments when ψi,kpxi,xIi q are concave w.r.t. their ar-
guments. From Lemma 2.2 we know that the sum of log-convex functions remains
log-convex, thus hipxi,xIi

q “
řmi

k“1 e
´ναψi,kpxi,xIi

q, i “ 1, . . . , N , are log-convex in
their arguments.

Furthermore, fipxi,xIi
q “ hipxi,xIi

q
νβ
να with νβ

να
ą 0 is also log-convex since

logphipxi,xIi q
νβ
να q “

νβ
να

log phipxi,xIi qq

is convex due to the log-convexity of hipxi,xIi
q. Consequently, fipxi,xIi

q, i “

1, . . . , N , are log-convex in their arguments. Finally, as sum of log-convex functions
is log-convex then fpxq in (8.19) is log-convex.

8.10.3 Proof of Lemma 8.3

Recall from the proof of Lemma 8.2 that all local objective functions fipxi,xIi
q are

log-convex under the concavity of ψi,kpxi,xIi q, k “ 1, . . . ,mi, i “ 1, . . . , N .
Note that the local functions fipxi,xIi

q, i “ 1, . . . , N , typically depend only on
a subset of the components of x. Thus, even if one function is strictly (log-) con-
vex, this does not guarantee the strict (log-) convexity of fpxq “

řN
i“1 fipxi,xIi q.

However, if each fipxi,xIi q is strictly (log-) convex in xi, then fpxq is ensured to
be strictly (log-) convex.

All constraint functions of agent i, ψi,kpxi,xIi
q, k “ 1, . . . ,mi, inherently de-

pend on xi, even when Ii “ H, meaning agent i only has individual constraints. If
at least one function ψi,kpxi,xIi q is strictly concave in (all of) its arguments, it is
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also strictly concave with respect to xi. Thus, we focus on establishing the strict
(log-) convexity of each fipxi,xIi q in xi, which is sufficient to ensure the strict
(log-) convexity of the global objective function fpxq. Hereafter, we omit xIi from
the function arguments for notational simplicity when no ambiguity arises.

Consider functions hipxi, ¨q, i “ 1, . . . , N , as defined in (8.16). For any 0 ď θ ď 1,
we have:

hipθxi ` p1 ´ θqyi, ¨q “

mi
ÿ

k“1
e´ναψi,kpθxi`p1´θqyi,¨q, (8.28)

for all i “ 1, . . . , N . From the concavity of agent i’s constraint functions ψi,kpxi,xIi
q,

we know that for all k P t1, . . . ,miu, the following inequality holds:

ψi,kpθxi ` p1 ´ θqyi, ¨q ě θψi,kpxi, ¨q ` p1 ´ θqψi,kpyi, ¨q,

which indicates the concavity of ψi,kpxi, ¨q functions in their first argument. Further-
more, by assumption agent i has at least one strictly concave constraint function.
This guarantees the existence of at least one k1 P t1, . . . ,miu for which the following
strict inequality holds:

ψi,k1 pθxi ` p1 ´ θqyi, ¨q ą θψi,k1 pxi, ¨q ` p1 ´ θqψi,k1 pyi, ¨q.

Since e´ναψi,kpθxi`p1´θqyi,¨q, k “ 1, . . . ,mi, are strictly decreasing, from the above
inequalities and (8.28) we get:

hipθxi ` p1 ´ θqyi, ¨q ă

mi
ÿ

k“1
e´ναθψi,kpxi,¨q e´ναp1´θqψi,kpyi,¨q

ď

´

mi
ÿ

k“1
e´ναψi,kpxi,¨q

¯θ ´

mi
ÿ

k“1
e´ναψi,kpyi,¨q

¯1´θ

“ hipxi, ¨q
θ hipyi, ¨q

1´θ, i “ 1, . . . , N, (8.29)

where, Lemma 2.4 (Hölder’s inequality) with 1{p “ θ is applied to obtain the
final inequality. As evident from (8.29), the functions hipxi, ¨q for i “ 1, . . . , N ,
are strictly log-convex in their first arguments. Additionally, since hipxi, ¨q, i “

1, . . . , N , are strictly positive, (8.29) and (8.18) lead to:

fipθxi ` p1 ´ θqyi, ¨q “ phipθxi ` p1 ´ θqyi, ¨qq
νβ
να

ă hipxi, ¨q
νβ
να
θ hipyi, ¨q

νβ
να

p1´θq

“ fipxi, ¨q
θ fipyi, ¨q

1´θ, (8.30)

for all i “ 1, . . . , N , establishing the strict log-convexity of all fipxi, ¨q with respect
to their first argument [180, 181].

As a result, we can conclude that fpxq :“
řN
i“1 fipxi,xIi

q is strictly log-convex
and thus strictly convex in x.
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8.10.4 Proof of Theorem 8.1
The multi-agent communication graph Gc is assumed to be undirected and con-
nected, as per Assumptions 8.1 and 8.2. From Assumption 8.3, the compactness of
level sets for fpxq in (8.19), and thus for f̃px̃q in (8.22), is inferred. Additionally,
Lemma 8.3 guarantees the strict convexity of fpxq, and hence the strict convexity
of f̃px̃q. As a result, asymptotic convergence xpiqptq Ñ x̂˚ for all i “ 1, . . . , N is en-
sured, following [238, Theorem 8]. Consequently, owing to xpiq

i p0q “ xip0q, applying
(8.25) to each agent ensures xptq Ñ x̂˚ as t Ñ 8.
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Chapter 9

Summary and Future Research Directions

This chapter summarizes the thesis and outlines several directions for future re-
search.

9.1 Summary

The main contribution of this thesis is the development of closed-form control laws
for handling spatiotemporal (time-varying) constraints in uncertain nonlinear dy-
namical systems. In particular, in Part I (Chapters 3–6), we built on ideas from
funnel-based control methods (e.g., funnel control and prescribed performance con-
trol), which primarily aim to enforce desired transient and steady-state behavior,
and we proposed new control schemes capable of addressing a broader class of
time-varying constraints. The resulting closed-form designs enable the effective en-
forcement of time-varying set invariance in control systems. Moreover, we explicitly
studied time-varying hard and soft constraints, thereby expanding the range of
applications covered by the proposed approach.

In Part II of the thesis (Chapters 7–8), we shifted focus to multi-agent forma-
tion control and coordination. First, we studied a robust, coordinate-free formation
control problem, establishing global shape convergence while meeting user-defined
transient and steady-state specifications. We then investigated a distributed, im-
plicit task-based formation determination and control problem for multi-agent sys-
tems subject to spatial constraints, in which agents collaboratively converge to
formations that satisfy both individual and coupled spatial constraints.

In Chapter 3, we extended the conventional prescribed performance control
(PPC) framework to handle time-varying hard and soft funnel constraints for uncer-
tain nonlinear Euler–Lagrange systems. Specifically, for each hard funnel constraint
we introduced an associated soft funnel constraint and addressed the coupling be-
tween hard and soft constraints by dynamically planning a constraint-consistent
funnel (CCF) for each hard–soft pair. These CCFs were designed to guarantee
compliance with hard (safety) constraints, while accommodating soft (performance)
constraints only when they do not conflict with the hard constraints. We then ap-
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plied the PPC design to ensure satisfaction of the online-planned CCFs. The result-
ing control scheme retains the simplicity and closed-form nature of standard PPC,
while effectively handling time-varying hard and soft funnel-type constraints.1

In Chapter 4, we revisited the PPC design methodology for a general class
of asymmetric funnel constraints and showed that the PPC law can be obtained
constructively by defining a suitable time-varying barrier function and applying its
negative gradient. Furthermore, we discussed the ability of the standard PPC design
to handle only a restricted subset of funnel constraints, namely decoupled funnel
constraints, and highlighted the challenges in addressing (i) general coupled funnel
specifications and (ii) constraints that cannot be expressed in standard funnel form.
Overall, this chapter provides insights and motivation for the methods proposed in
the subsequent chapters.

Chapter 5 proposed a novel model-free, closed-form feedback control law for
high-relative-degree MIMO nonlinear systems subject to multiple, potentially cou-
pled, time-varying constraints. The central objective was to ensure forward invari-
ance of an appropriately defined time-varying constraint set. To this end, we first
constructed a time-varying function whose positive level set characterized a feasible
region in which all constraints were satisfied, which led to the formulation of a sin-
gle consolidating constraint in the control system. Satisfaction of this consolidating
constraint guaranteed convergence to, and forward invariance of, the time-varying
constraint set within a user-defined finite time. Inspired by the PPC methodology,
we then proposed a robust, low-complexity feedback controller that enforced the
consolidating constraint. Finally, we showed that by dynamically adapting the lower
bound of the consolidating constraint, the method yielded least-violating behavior
when the original constraints became infeasible over an unknown time interval.2

In Chapter 6, building on the methodology developed in Chapter 5, we pro-
posed a novel low-complexity, closed-form control scheme for enforcing explicitly
coupled, generalized, time-varying hard and soft constraint sets in uncertain non-
linear systems. In contrast to Chapter 3, which focused on paired hard–soft funnel
specifications, the proposed approach accommodated a substantially broader class
of time-varying hard- and soft-constrained sets. We first condensed all constraints
into scalar hard- and soft-constraint functions, whose time-varying zero super-level
sets delineated the regions in which the corresponding constraints were satisfied. We
then developed a two-part control law, with each component dedicated to enforc-
ing one class of constraints. When safety and performance requirements conflicted,
we introduced an innovative dynamic-relaxation scheme that temporarily relaxed
the (virtual) soft-constraint set, thereby ensuring that hard constraints were never
violated.3

Chapter 7 proposed a novel two-dimensional, coordinate-free formation control
scheme for multi-agent systems with directed leader–follower interactions. Robust

1The findings of Chapter 3 are reported in [214].
2The findings of Chapter 5 are reported in [240, 241].
3The findings of Chapter 6 are reported in [242].
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decentralized formation controllers were designed using the PPC method, enforc-
ing user-defined funnel constraints on the formation errors to guarantee prescribed
transient and steady-state performance. The proposed framework employed bipolar
coordinates to parameterize the desired relative edge angles and the ratios of inter-
agent distances among the followers. We showed that this representation not only
ensured a unique formation shape, but also yielded independent (orthogonal) for-
mation errors, which facilitated global convergence to the target shape and enabled
a low-complexity PPC-based controller design. Moreover, we demonstrated that the
resulting decentralized control laws were implementable in arbitrarily oriented local
coordinate frames of the follower agents, relying only on bearing measurements and
distance-ratio information. These quantities can be readily obtained using low-cost
onboard vision sensors. Finally, we discussed how the proposed scheme naturally
accommodated time-varying formation maneuvering, scaling, and orientation ad-
justments with the support of two leader agents.4

In Chapter 8, we posed the problem of collaboratively enforcing long-term spa-
tial constraints in multi-agent systems. Each agent was assigned task specifications
in the form of spatial inequality constraints, which could be coupled through the
positions of other agents. The goal was to devise a fully distributed coordination
strategy that steers the team to a configuration in which all constraints are satisfied,
without a central planner and without requiring agents to disclose their private task
descriptions (constraint functions). To this end, we reformulated the problem as a
consensus-based distributed optimization scheme and, based on this formulation,
developed a control protocol for single-integrator agents.5

9.2 Future Research Directions

The contributions of this thesis suggest several promising research directions that
remain open for exploration, which are outlined below.

Concerning Chapter 3, the presented results primarily exploited a dynamic
constraint-consistent funnel (CCF) planning scheme, which offers a convenient
way to balance hard and soft funnel-constraint satisfaction and has recently been
adopted and extended in various applications [215–217]. Nevertheless, dynamic
planning requires careful tuning to regulate the transients between soft-constraint
violation and recovery. In the presence of highly oscillatory conflicts between hard
and soft funnel constraints, it may yield conservative behavior due to delays in ad-
justing the CCF boundaries. Moreover, dynamic planning typically leads to expo-
nentially fast recovery once soft constraints become compatible again. By contrast,
static funnel planning could naturally provide finite- or fixed-time recovery of vio-
lated soft constraints while reducing conservatism and the need for fine tuning. The
main challenge, however, lies in handling initial incompatibility between hard and
soft constraints, which the dynamic approach addresses by tuning the initial con-

4The findings of Chapter 7 are reported in [228].
5The findings of Chapter 8 are reported in [243].
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dition of the CCF dynamics as in (3.8). Moreover, inspired by Chapter 3, another
compelling research direction is to resolve compatibility issues between funnel spec-
ifications and state constraints in high-relative-degree nonlinear systems. Treating
state constraints as hard constraints while handling output funnel constraints as
soft constraints may provide a promising avenue.

Building on Chapter 5, an important direction for future work is a deeper anal-
ysis of the proposed control method when Assumption 5.7 is not satisfied. As dis-
cussed at the end of Section 5.6, the control law introduced in Chapter 5 can
remain effective for time-varying constraints that violate Assumption 5.7. More-
over, control-input constraints are ubiquitous in practical systems; thus, addressing
the same problem under non-violable input limitations (e.g., amplitude and/or rate
bounds) is another promising research direction. In line with [44–46], one possible
approach is to introduce an adaptive satisfaction behavior for time-varying con-
straints when hard input limits conflict with constraint-satisfaction requirements.
Finally, extending the proposed design to multi-agent applications under time-
varying constraints also remains open, since directly applying the idea of Chapter 5
to handle all agents’ constraints simultaneously yields a centralized solution, due
to the consolidation of all agents’ constraints into a single constraint for feedback
design. In this regard, the distributed approach of Chapter 8 for spatial constraints
could provide a useful starting point.

Concerning Chapter 6, similar to Chapter 5, future work could explore control
design under input limitations and investigate potential multi-agent applications.
Moreover, as noted in Remark 6.7, another interesting direction is to develop con-
trol schemes for richer combinations of time-varying constraints by constructing a
constraint function not only via intersections (i.e., using the min operation), but
also via unions (i.e., using the max operation) and nested compositions, akin to
the ideas studied in [203] for time-invariant constraints. Furthermore, recall that
the time-varying hard constraints, and thus the resulting hard-constraint function
αhpt,x1q in Chapter 6, were assumed to be known globally in real-time. In appli-
cations such as mobile-robot navigation in environments with moving obstacles (cf.
Example 3 in Section 6.9), however, global knowledge of obstacle locations and mo-
tions may be unavailable. Hence, following ideas such as those in [244], a promising
direction is to construct αhpt,x1q from local real-time perception data and inte-
grate it with the control-design framework of Chapter 6. Finally, since Chapters 5
and 6 proposed full-state feedback laws, developing output-feedback counterparts
is another natural future research direction.

On a separate note, as discussed in Remark 6.6, the proposed scheme in Chap-
ter 6 can be employed as a safety-filter mechanism, similar in spirit to those in the
control barrier function (CBF) literature, yet without requiring online optimiza-
tion or explicit model knowledge. Recent works such as [36, 245, 246] aim to bridge
the gap between CBF notions and (model-free) funnel-based control designs and
motivate model-free approaches to CBF-based controller synthesis. In this context,
the results of Chapters 5 and 6, which sought to generalize funnel-based control
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methods and relied on constraint-set representations akin to those in the CBF
literature (i.e., zero super-level sets of continuously differentiable functions), may
provide useful inspiration.

From the results of Chapter 7, we established that neighboring agents, mod-
eled as points, never became collocated. In practical scenarios, however, collision
avoidance depends on the agents’ physical size and thus requires explicit safety
guarantees. Extending the proposed formation-control design to ensure collision
avoidance not only between neighboring agents but also among non-neighboring
agents therefore remains an important direction for future work. Another promis-
ing avenue is to guarantee connectivity maintenance between neighboring agents,
which is essential for preserving inter-agent sensing links throughout the operation
and, consequently, for the applicability of the proposed controllers. Finally, Chap-
ter 7 used edge angles and ratio-of-distances to characterize unique planar rigid
formations under acyclic minimally persistent graphs. Investigating whether these
parameters can lead to a new rigidity theory for undirected formations is an intrigu-
ing topic for further study. Extensions of the proposed 2-D formation-control ideas
to 3-D settings, as well as applications of the Chapter 7 scheme to unicycle-robot
formations with experimental validation, have been reported in [226] and [225],
respectively. Accordingly, an important direction for future work is experimental
validation of the 3-D results on UAV platforms.

Several promising research directions arise from Chapter 8. One direction is to
address the considered distributed-optimization (DO) problem within a partition-
based DO framework [198, 247, 248], which can reduce the communication burden
and potentially improve convergence speed. Indeed, the agents’ local objective func-
tions in Chapter 8 align naturally with partition-based formulations; however, for
simplicity, we treated the problem as standard DO, where each agent stores copies
of all other agents’ position estimates. This requirement could be eliminated via
partition-based DO, and such an extension is expected to affect the role of the
task-dependency graph in determining the communication graph.

Moreover, recall that the proposed DO algorithm in Chapter 8 need not run until
convergence and can be stopped once all agents satisfy their constraints, which
corresponds to β̄ ą 0. However, checking β̄ online requires centralized access to
all agents’ constraints; thus, designing a distributed mechanism to determine an
appropriate stopping time is another interesting direction. Additionally, the chapter
focused on static (or slowly varying) spatial constraints. Extending the framework
to spatiotemporal specifications with time-varying constraints may require time-
varying distributed optimization schemes. Furthermore, the proposed algorithm
assumes that all agents know their positions with respect to a global coordinate
frame; developing a coordinate-free alternative is an interesting direction for future
research. Finally, incorporating anytime constraints (i.e., constraints that must hold
for all time) to meet safety-critical requirements, while also accounting for more
realistic agent dynamics, remains an open problem.
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[9] L. Grüne and J. Pannek, “Nonlinear model predictive control,” in Nonlinear
model predictive control: Theory and algorithms, pp. 45–69, Springer, 2016.

[10] E. Garone, S. Di Cairano, and I. Kolmanovsky, “Reference and command
governors for systems with constraints: A survey on theory and applications,”
Automatica, vol. 75, pp. 306–328, 2017.

231

https://medium.com/@takubonjesi/navigating-the-future-the-transformative-potential-of-autonomous-vehicles-52a97d90ce35
https://medium.com/@takubonjesi/navigating-the-future-the-transformative-potential-of-autonomous-vehicles-52a97d90ce35
https://www.dronewatch.nl/2020/07/03/dronevliegen-bij-harde-wind-waar-moet-je-op-letten/
https://www.dronewatch.nl/2020/07/03/dronevliegen-bij-harde-wind-waar-moet-je-op-letten/
https://www.dlr.de/de/rm/forschung/robotersysteme/mehrarmig/mirosurge
https://www.dlr.de/de/rm/forschung/robotersysteme/mehrarmig/mirosurge
https://xpert.digital/en/the-future-of-logistics-centers/
https://xpert.digital/en/the-future-of-logistics-centers/


232 Bibliography

[11] M. M. Nicotra and E. Garone, “The explicit reference governor: A general
framework for the closed-form control of constrained nonlinear systems,”
IEEE Control Systems Magazine, vol. 38, no. 4, pp. 89–107, 2018.

[12] K. P. Tee, S. S. Ge, and E. H. Tay, “Barrier lyapunov functions for the control
of output-constrained nonlinear systems,” Automatica, vol. 45, no. 4, pp. 918–
927, 2009.

[13] K. P. Tee, B. Ren, and S. S. Ge, “Control of nonlinear systems with time-
varying output constraints,” Automatica, vol. 47, no. 11, pp. 2511–2516, 2011.

[14] A. Ilchmann, E. P. Ryan, and C. J. Sangwin, “Tracking with prescribed tran-
sient behaviour,” ESAIM: Control, Optimisation and Calculus of Variations,
vol. 7, pp. 471–493, 2002.

[15] A. Ilchmann, E. P. Ryan, and P. Townsend, “Tracking with prescribed tran-
sient behavior for nonlinear systems of known relative degree,” SIAM Journal
on Control and Optimization, vol. 46, no. 1, pp. 210–230, 2007.

[16] T. Berger, A. Ilchmann, and E. P. Ryan, “Funnel control of nonlinear sys-
tems,” Mathematics of Control, Signals, and Systems, vol. 33, no. 1, pp. 151–
194, 2021.

[17] C. P. Bechlioulis and G. A. Rovithakis, “Prescribed performance adaptive
control for multi-input multi-output affine in the control nonlinear systems,”
IEEE Transactions on automatic control, vol. 55, no. 5, pp. 1220–1226, 2010.

[18] C. P. Bechlioulis and G. A. Rovithakis, “A low-complexity global
approximation-free control scheme with prescribed performance for unknown
pure feedback systems,” Automatica, vol. 50, no. 4, pp. 1217–1226, 2014.

[19] M. Z. Romdlony and B. Jayawardhana, “Stabilization with guaranteed safety
using control lyapunov–barrier function,” Automatica, vol. 66, pp. 39–47,
2016.

[20] A. D. Ames, J. W. Grizzle, and P. Tabuada, “Control barrier function based
quadratic programs with application to adaptive cruise control,” in 53rd IEEE
conference on decision and control, pp. 6271–6278, IEEE, 2014.

[21] A. D. Ames, S. Coogan, M. Egerstedt, G. Notomista, K. Sreenath, and
P. Tabuada, “Control barrier functions: Theory and applications,” in 2019
18th European control conference (ECC), pp. 3420–3431, IEEE, 2019.
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