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Abstract

Multi-agent systems have been gaining attention among robotics re-
searchers due to their capabilities, in terms of which they surpass indi-
vidual robots. Such systems, however, entail an increase in complexity,
especially to the task planning problem. Therefore, a more sophisti-
cated planning approach is needed, one that is able to resolve conflicts
between local tasks, in particular. These conflicts arise from couplings
between robots expressed in their task specifications.

A computationally inexpensive collaborative control scheme is im-
plemented in a setup consisting of three omni-directional robots. The
robots execute tasks encoded in Signal Temporal Logic, using Pre-
scribed Performance Control. They are guaranteed to satisfy the speci-
fications or, if that is not possible, reach a least violating solution, even
in the face of a task conflict. What is more, collision-free trajectories
are produced.

A series of simulations and experiments is carried out to verify the
utility of the method. The approach is shown to be effective despite
restrictive assumptions imposed on the system. Finally, directions for
future work, that would allow the method to perform well in more
demanding experimental scenarios, are suggested.
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Sammanfattning

Multiagentsystem har fått uppmärksamhet bland robotikforskare på
grund av dess prestanda, där de kan prestera bättre än individuella
robotar. Sådana system, däremot, bidrar till en ökning i komplexitet, i
synnerhet för uppgiftsplaneringsproblemet. Därav behövs en mer so-
fistikerad planeringsmetod, särskilt en som kan lösa konflikter mellan
lokala uppgifter. Dessa konflikter uppstår från kopplingar mellan ro-
botar uttryckta i deras uppgiftsspecifikationer. Ett beräkningsmässigt
inexpensivt och kollaborativt kontrollschema är implementerat i ett
system bestående av tre rundstrålande robotar. Robotarna utför upp-
gifter som är kodade i Signal Temporal Logic, med användning av
Prescribed Performance Control. De är garanterade att uppnå speci-
kitationerna eller, om det inte är möjligt, uppnå den minst överträdan-
de lösningen trots uppgiftskonflikter. Dessutom är kollisionsfria ba-
nor producerade. En serie av simuleringar och experiment utförs för
att verifiera metodens lönsamhet. Tillvägagångssättet visar sig vara ef-
fektivt trots de restriktiva antaganden som ålagts på systemet. Till sist
så föreslås direktiv för framtida arbeten så att metoden kan prestera
bra i hårdare experimentella scenarier.
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Chapter 1

Introduction

Motion planning has been one of the fundamental challenges in robotics.
It has been the subject of the strivings in both the scientific community
and the industry for decades. In the context we are concerned with,
motion planning can be defined as the process of "creating control
inputs or closed-loop controllers that steer a robot from one config-
uration to another while taking into account different dynamics and
motion constraints"[1]. A variety of approaches exist that solve the
problem suited for specific objectives and under specific conditions as
even in the seemingly narrow domain, no universal solution exists.
Different approaches are used for formation control, surveillance, con-
nectivity maintenance, optimal trajectory planning, path planning and
following.

The difficulty becomes even more significant when multi-agent sys-
tems are involved. The advantage of a multi-agent system lies in its
ability to divide a task into smaller tasks that can be carried out con-
currently and more quickly, take search and rescue missions as an ex-
ample. Sometimes, in cooperative load transportation for instance, the
use of multiple robots may render a task feasible, even if it would be
infeasible otherwise.

The prevalent issues associated with multi-agent systems are state
space dimensionality increase, which often entails an exponential growth
in the computational effort, and the lack of versatile methods to deal
with complex, coupled task specifications. Two approaches to the
problem of multi-agent motion planning are commonly distinguished:
centralized and decentralized (distributed).

The centralized paradigm often boils down to a direct extension of
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2 CHAPTER 1. INTRODUCTION

single-agent methods [2], so that the paths of robots are found in the
form of a single path lying in the space being a product of individ-
ual robots’ configuration spaces [3]. One of the prominent works on
sampling-based motion planning, the PRM* (Probabilistic RoadMaps)
and RRT* (Rapidly-exploring Random Trees) was described in [4] and
applied to single-agent [5] and multi-agent systems in [6]. The issue
there, however is the computational burden that does not scale well
with the number of robots, especially in case their motion would de-
pend on one another. The sampling-based methods are capable of in-
corporating hard constraints in the sampling algorithm for the pur-
pose of collision avoidance. Alternatively, collision avoidance can be
realized through a reactive action, as in [7] or [8].

The problem with decentralized methodology, as suggested in [2],
is that local information may prove insufficient in the context of global
feasibility. On the upside, the systems abiding a distributed protocol
are known to be more scalable [2], as the introduction of new agents
does not affect the complexity of an individual agent’s behavior. More-
over, their robustness is greater due to the possibility of collaboration
between agents or the use of redundant ones. Recently, temporal log-
ics gained substantial research interest as a way to formulate complex
task.

1.1 Related work

Typically, the high-level motion planning and the low-level control de-
sign are isolated. An integrated approach, where the high-level specifi-
cations are considered in the control synthesis, is facilitated by tempo-
ral logics [9], which provide a mathematical formalism for describing
system objectives in a manner resembling natural language.

Temporal logic specifications have been used to obtain correct-by-
construction controllers for motion control of single-agent [9, 10, 11,
12, 13] and multi-agent systems [14, 1, 15, 16]. Linear Temporal Logic
(LTL) was exploited in single-agent [9] and multi-agent settings [15,
16, 1] in motion control problems. The LTL, however, is not capable
of expressing timing constraints nor does it measure the degree of sat-
isfaction of a formula. These characteristics are sometimes a reason
to instead turn to a subset of Signal Temporal Logic (STL). The STL
was used for control synthesis in a combination with Model Predic-
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tive Control (MPC) [11, 13], also in multi-agent applications [17]. The
choice of the MPC could result from it being able to implement hard
constraints on the system, which is an important aspect in practical
control design.

The drawback of that method is that the MPC requires knowledge
of the system dynamics; Prescribed Performance Control (PPC)[18],
on the contrary, is a lightweight, model uncertainty-invariant control
scheme also used in motion control recently. PPC was utilized to syn-
thesize a control law guaranteed to satisfy STL specifications in [12].
The work was subsequently extended to coupled multi-agent systems
in [14] where an on-line procedure was additionally proposed to deal
with conflicts between the tasks of different agents. The PPC relies
an assumption that the signals in the system are bounded by a finite
value. The value can be arbitrarily large, so control input saturation is
likely to occur in a physical system. The algorithm has not been veri-
fied in a practical realization before. The contribution made here is the
practical verification of the methods proposed in [14].

1.2 Outline

This report is organized as follows. Chapter 2 is dedicated to the
explanation of all necessary concepts and to the introduction of the
background knowledge on which the author relied while realizing the
project. Chapter 3 details the implementation with emphasis on as-
pects that were not directly drawn from the work dealt with in Chapter
2. Then, in Chapter 4, the results are presented and analyzed. Finally,
conclusions are made and directions for future work are suggested in
Chapter 5.



Chapter 2

Preliminaries

2.1 Signal Temporal Logic

Temporal logics allow for specification of tasks with respect to states of
the system. They also provide means of verification of the completion
of these tasks. Temporal formulas are used to express desired system
behavior and check if the actual behaviors satisfy it [19].

STL relies on real-valued predicates µ whose value is evaluated
through a predicate function f . We therefore have µ : Rn → B [19]
and f : Rn → R. The predicate value is then the sign of f(x).

µ ≡ f(x) ≥ 0 (2.1)

where x ∈ Rn. To express satisfaction of µ, the characteristic func-
tion is used:

χ(µ, x, t) ≡

{
1 if f(x) ≥ 0

−1 otherwise.
(2.2)

The satisfaction of a formula φ by a signal x at time t is also denoted
by (x, t) |= φ. As delineated in [19], STL has its distinct grammar and
inductive semantics as defined below:

φ := µ|¬φ|φ1 ∧ φ2|φ1 ∨ φ2|φ1UIφ2 (2.3)

where the interval I specifies the time at which the formula should be
satisfied. In case of the until operator, as in φ1UIφ2, it is such that there
is a time instant t′ ∈ I at which φ2 becomes satisfied while φ1 has been
satisfied at all time instants previous to t′.

4



CHAPTER 2. PRELIMINARIES 5

Definition 2.1.1. STL robust semantics [19]

χ(¬φ, x, t) = −χ(φ, x, t)

χ(φ1 ∧ φ2, x, t) = min(χ(φ1, x, t), χ(φ2, x, t))

χ(φ1 ∨ φ2, x, t) = max(χ(φ1, x, t), χ(φ2, x, t))

χ(φ1UIφ2, x, t) = max
t′∈t+I

min(χ(φ2, x, t
′), min

t′′∈[t,t′]
χ(φ1, x, t

′′))

which follows the notation and definitions in [19]. What is different
in our considerations, compared to [19], is the interpretation of the
time interval in the always, eventually and until formulas, the former
two of which are respectively defined as

♦Iφ , >UIφ (2.4)

and
�Iφ , ¬♦I¬φ (2.5)

and are often denoted by FI (eventually) and GI (always). While they
authors of said work use an interval relative to the current time instant,
we will formulate system requirements in terms of absolute time inter-
vals. This, however, does not affect the definitions above dramatically.

Once the task is defined, a need arises for a metric of satisfaction of
that task by a continuous-time signal. That metric is the space robust-
ness, which will be used as inductively defined in [19] and following
[17], with absolute time intervals being used:

Definition 2.1.2. Space robustness [19], [17]

ρµ(x, t) = f(x(t))

ρ¬φ(x, t) = −ρφ(x, t)

ρφ∧ψ(x, t) = min(ρφ(x, t), ρψ(x, t))

ρφ∨ψ(x, t) = max(ρφ(x, t), ρψ(x, t))

ρφU[a,b]ψ(x, t) = max
t1∈[a,b]

min(ρψ(x, t1), min
t2∈[t,t1)

ρφ(x, t2))

ρF[a,b]φ(x, t) = max
t1∈[a,b]

ρφ(x, t1)

ρG[a,b]φ(x, t) = min
t1∈[a,b]

ρφ(x, t1)



6 CHAPTER 2. PRELIMINARIES

The robustness of a conjunction formula in Definition 2.1.2 will be
approximated by a continuously differentiable underapproximation of
the form

ρφ1∧...∧φN (x, t) = min(ρφ1(x, t), ..., ρφN(x, t)) ≈ −1

η
ln

N∑
i=1

e−ηρ
φ
i (x,t) (2.6)

with η being a parameter. The higher the value of η, the more accurate
the approximation. Since it is an underapproximation, that is

min(ρφ1(x, t), ..., ρφN(x, t)) ≥ −1

η
ln

N∑
i=1

e−ηρ
φ
i (x,t), (2.7)

we have:

−1

η
ln

N∑
i=1

e−ηρ
φ
i (x,t) > 0 =⇒ min(ρφ1(x, t), ..., ρφN(x, t)) > 0 (2.8)

so the latter is a sufficient criterion for formula satisfaction. (2.7) as
well as the remarks describing the effects of η on the approximation
should be formally proven

Proof. To simplify the notation,

min(y1(t), ..., yN(t)) ≥ −1

η
ln

N∑
i=1

e−ηyi(t),

will be proven instead. Assume now, that at time t,

min(y1(t), ..., yN(t)) = yj(t)

where j ∈ {1, ..., N}. Since η > 0,

−ηyj(t) ≤ ln
N∑
i=1

e−ηyi(t),

then

e−ηyj(t) ≤
N∑
i=1

e−ηyi(t),

and subtracting the left side of the inequality

0 ≤
N∑

i=1∧i 6=j

e−ηyi(t),
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which is true for all η. We have proven here that the proposed func-
tion is an under-approximation. Now it should also be shown that as η
increases, the approximation accuracy improves, so that η can be used
as a tuning parameter. For the sake of simplicity, a case will be con-
sidered where two functions are in a conjunction. The non-negative
difference between the minimum value and the approximation is then

α = y1 +
1

η
ln(e−ηy1 + e−ηy2)

We want to show that

η2 > η1 =⇒ α1 > α2 (2.9)

where αi = α(ηi).

y1 +
1

η1
ln(e−η1y1 + e−η1y2) > y1 +

1

η2
ln(e−η2y1 + e−η2y2)

ln(e−η1y1 + e−η1y2)
1
η1 > ln(e−η2y1 + e−η2y2)

1
η2

The logarithms can be dropped

(e−η1y1 + e−η1y2)
1
η1 > (e−η2y1 + e−η2y2)

1
η2

We use auxiliary variables zi = e−η1yi for i ∈ {1, 2} and define η2 = cη1,
c > 1. Both sides of the inequality are positive and can be raised to the
power of η1, which together results in

(z1 + z2)
c > zc1 + zc2

Then we define a function

f(z1, z2) = (z1 + z2)
c − zc1 − zc2

which we want to be strictly positive. We know z1 and z2 are positive.
At z1 = z2 = 0, f(0, 0) = 0, however this case would correspond to
η1 = η2 and we assumed η1 < η2. The partial derivative of f with
respect to zi is

∂f(z1, z2)

∂zi
= c(z1 + z2)

c−1 − czc−1i

which is positive because z1 + z2 > zi for i ∈ {1, 2}. Therefore, the
function f is increasing and (2.9) holds. �
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Completing the interpretation of robustness, its positive values cor-
respond to formula satisfaction while negative ones indicate dissatis-
faction. Values far from zero correspond to large margins of satisfac-
tion or dissatisfaction of the formula.

In this thesis, space robustness will only be considered. A simi-
lar notion, concerning the invariance of task satisfaction with respect
to a shift of the signal in time, is called the time robustness and was
described in [19], [17].

2.2 Prescribed Performance Control

2.2.1 System model

In the further considerations, the model assumed will be a nonlinear
system affine in the control signal of the form:

ẋ = f(x) + g(x)u + ω (2.10)

with x ∈ Rn, u ∈ Rm and bounded additive noise ω ∈ Rn. Addi-
tionally, f and g are assumed to be locally Lipschitz continuous and
g(x)gT (x) is positive definite for all x ∈ Rn [12].

2.2.2 Control scheme

PPC is a control scheme that, for unknown pure feedback systems,
guarantees output tracking with prescribed performance. That is, with
desired overshoot, steady state error and convergence rate. The method
is robust to model uncertainty and computationally inexpensive.

In PPC, the scalar error e(t), which maps e : R+ → R, is bounded by
a funnel, ∀t ≥ 0 : −γ(t) < e(t) < γ(t). However, this formulation is not
able to enforce the overshoot requirement, so a constant upper funnel
is used instead. The control signal is designed in such a way that it
pushes the error in the direction away from the funnel boundary. The γ
function is called the performance function and must be continuously
differentiable, bounded, positive and non-increasing. An exponential
function is used [18]:

γ(t) = γ∞ + (γ0 − γ∞)e−lt (2.11)
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whose parameters satisfy the following requirements:

γ∞ = lim
t→∞

γ(t) (2.12)

γ0 > |e(0)| (2.13)

γ∞ ≤ γ0 defines the maximum size of the steady state error. The pa-
rameter l ≥ 0 shapes the funnel in such a way that it forces a lower
bound on the convergence rate on the error signal [18].

A more general approach to making the funnel asymmetrical was
adopted in [12] with the following constraint:

−γ(t) < e(t) < Mγ(t) (2.14)

where M ∈ [0, 1]. γ exacts the desired characteristics from the e signal;
both transient and steady state. Due to the γ(t) values being bounded,
we deal with a constrained control problem [12].

What we do next is normalize the error by dividing it by the per-
formance function

ξi(t) :=
ei(t)

γi(t)
(2.15)

and define a transformation S(ξ) in the definition below, following the
definitions in [12] and [18].

Definition 2.2.1. A transformation function S : (−1,M) → R is strictly
increasing, hence injective. It therefore admits and inverse. The transformed
error function is defined as

ε = S(ξ) := ln

(
− ξ + 1

ξ −M

)
(2.16)

Applying the normalization (2.15) and transformation (2.16) leaves
us with an unconstrained control problem

−∞ < ε <∞ (2.17)

In order for the original error to stay within the funnel bounds, we
need to keep ε bounded (2.17). That is possible since S as a function
of e is invertible. It can be proven that for a finite value of ε, the corre-
sponding e is inside the funnel.
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2.3 Connection between STL and PPC

The incorporation of the STL task formulation into the PPC framework
relies on using STL’s robustness function to define the PPC’s error
function to be bounded by the funnel.

Definition 2.3.1. The STL subset under consideration

ψ ::= >
∣∣µ∣∣¬ψ∣∣ψ1 ∧ ψ2

φ ::= F[a,b]ψ
∣∣G[a,b]ψ

As was done in [12], only a portion of the STL semantics is used
that is expressive enough to described scenarios that will be dealt with.
It is described in Definition 2.3.1; the disjunction and until operators
are omitted. Sequences of the temporal formulas are also included.
An assumption on the robustness function is made that it is concave,
i.e. a unique local maximum exists, and well-posed in the sense that
satisfaction of a formula by x signal implies that ‖x(0)‖ <∞.

We introduce parameters ρmax ∈ R+ - upper funnel, maximum ad-
missible robustness and r ∈ R≥0 - minimum robustness with which
the formula is satisfied, which lead to an inequality

r < ρφ(x, 0) < ρmax (2.18)

Then, using the performance function and robustness with respect to
the non-temporal formula ψ, we have the main constraint of the form

−γ(t) + ρmax < ρψ(x(t)) < ρmax (2.19)

which after subtracting ρmax becomes

−γ(t) < ρψ(x(t))− ρmax < 0 (2.20)

This is similar to (2.14) withM = 0 and e(t) = ρψ(x(t))−ρmax. Through
appropriate funnel construction and control design, γ imposes the de-
sired characteristics on the x signal. If (2.20) is satisfied at all (always-
type formula) or any (eventually-type formula) time instants t ∈ [a, b],
then (2.18) holds, which is equivalent to the formula φ being satisfied.

The tasks that are going to be exercised in this work will be formu-
lated using the L2-norm of the differences between the current pose of
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the agent and the goal pose. The goal pose could be another agent’s
pose, making the task into a following problem, or a location in space.
A goal position will be required to be reached with some precision ε.
The task then is represented with the inequality

‖xi − xgoal‖ ≤ ε (2.21)

which would lead to the predicate function taking the form

f(x) = ε− ‖xi − xgoal‖ (2.22)

The function (2.22) has a unique maximum at xi = xgoal. Since the
task construction described above is going to ensure the robustness
functions are concave, their optima could be computed easily.

ρψopt = sup
x∈Rn

ρψ(x(t)) (2.23)

A formula is feasible, if the optimum ρψopt > 0 [12].

2.3.1 Control law

Assumptions are made here that were discussed before but not for-
malized yet.

Assumption 1. f(x) and g(x) in (2.34) are locally Lipschitz continuous and
g(x)gT (x) is positive definite.

Assumption 2. Robustness of a conjunction of non-temporal formulas is
under-approximated by a continuously differentiable function as in (2.7).

Assumption 3. All robustness functions in Definition 2.1.2 excluding dis-
junction and until operators, which are not used, are concave and the formula
ψ is such that (x, 0) |= ψ =⇒ ‖x(0)‖ <∞.

Assumption 4. A formula ψ is feasible. The optimum (2.23) of the corre-
sponding robustness function is greater than zero:

ρψopt > 0

With the satisfaction of Assumptions 1-4, the control law

u(x, t) := −ε(x, t)gT (x)
∂ρψ(x(t))

∂x
(2.24)
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guarantees (2.20) ∀t ∈ R≥ and consequently (2.18). Additionally, all
closed loop signals remain continuous and bounded [12]. The proof
for the above can be found in [12]. The ε component determines the
magnitude of the control signal, whereas ∂ρψ(x(t))

∂x
determines its di-

rection. Hence, the control signal always acts in the direction of the
steepest ascent of the robustness function. Its strength is the higher
the closer the robustness function to the boundary of the funnel.

2.3.2 Parameters

Figure 2.1: Robustness plot resulting from a simulation where the task
of the agent was to eventually go from point [0, 0] to [1, 1] in the time
interval of [15,18].

We use t∗ to denote the moment in time when ρψ(x(t)) reaches the
value r which in turn denotes the desired robustness with which an
atomic temporal formula φ is satisfied.

ρφ(x, 0) ∈ (r, ρmax) ⇐⇒ ρψ(x(t)) ∈ (r, ρmax)∀t ≥ t∗ (2.25)
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For an always atomic temporal formula, the time instant must be cho-
sen as t∗ = a so that the inequality in (2.25) holds throughout the entire
[a, b] interval. In case of an eventually formula, t∗ can be set to any value
in the interval.

t∗ ∈

{
a if φ = G[a,b]ψ

[a, b] if φ = F[a,b]ψ.
(2.26)

r is chosen in the range
r ∈ [0, ρmax) (2.27)

where
ρmax ∈ (0, ρψopt) (2.28)

A feasibility criterion must be defined here, with respect to the val-
ues of r, t∗ and x0. It is important to distinguish the instance where
the task is required to be satisfied immediately. Then, the initial state
must already satisfy the formula. In other circumstances, a formula is
feasible.

Definition 2.3.2. A formula φ is feasible with respect to r ⇐⇒ t∗ >

0 ∨ t∗ = 0 ∧ ρψ(x0) > r.

We now proceed with defining the parameters of the exponential
function γ so that it performs the desired job of restricting the robust-
ness signal in such way that it fulfills the performance requirements.
γ(∞) and γ(0) will be denoted by γ∞ and γ0 respectively. A number
of constraints need to be formulated looking at Figure 2.1. First of all
the lower funnel at t = 0 should be below the robustness value at that
moment. That is −γ0 + ρmax < ρψ(x0). If t∗ = 0, it should also be above
s.t. −γ0 + ρmax > r, so that ρψ(x0) > r, which combined gives:

γ0 ∈

{
(ρmax − ρψ(x0),∞) if t∗ > 0

(ρmax − ρψ(x0), ρmax − r) if t∗ = 0.
(2.29)

The condition on the value of γ∞ is r ≤ −γ∞+ρmax < ρmax (equivalent
to 0 < γ∞ ≤ ρmax − r) and since γ is non-increasing, γ∞ ≤ γ0. That
results in:

γ∞ ∈ (0,min(γ0, ρmax − r)] (2.30)

Finally, we want the lower funnel to pass r at time t∗, i.e.

−γ(t∗) + ρmax = r (2.31)
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which would ensure the robustness is above the desired level r from
then on. Using (2.11), (2.31) becomes

−γ∞ − (γ0 − γ∞)e−lt∗ + ρmax = r

e−lt∗ =
r − ρmax + γ∞
−(γ0 − γ∞)

l = − 1

t∗
ln
r − ρmax + γ∞
−(γ0 − γ∞)

(2.32)

Here again another case is distinguished, in which we start with ro-
bustness greater than r, which is forced by −γ0 + ρmax ≥ r. Then the
value of l can be arbitrary but non-negative, so that γ remains non-
increasing. This leads to

l ∈

{
R≥0 if −γ0 + ρmax ≥ r

− 1
t∗

ln r−ρmax+γ∞
−(γ0−γ∞)

if −γ0 + ρmax < r ∧ t∗ > 0.
(2.33)

Admissible parameter value ranges for t∗ (2.26), r (2.27), ρmax (2.28),
γ(t) (2.29), (2.30) and (2.33) were introduced in [12]. These conditions
will be used later on to set up the controllers in the implementation.

2.4 Collaborative control

The theory presented can be applied to a multi-agent system with
some adaptations. A situation will be considered where there are M
agents v1, ..., vM , each with its own atomic temporal formula φi, per-
formance function γi and control signal ui(xφi , t). Twofold couplings
can occur between the agents: formula-agent couplings and dynamic
couplings. The dynamic model (2.34) will be modified to include the
coupling of the second type as f ci (x):

ẋi = fi(xi) + f ci (x) + gi(xi)ui + wi (2.34)

f ci (x) is subject to Assumption 1 in the same way as fi and gi.
The agents must maintain connectivity as they will be communicat-

ing their task, state, status of task completion to each other. The multi-
agent system communication is modeled with a undirected graph G :=

(V , E) (V-set of all agents, E = V×V), which can be assumed to be con-
nected for simplicity. That means each two agents can communicate
directly.

Again, at this point several definitions are needed for notions that
will be used later on. They are taken from [14].
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Definition 2.4.1. xi is the state vector of agent vi; xφi is the vector of stacked
state vectors of agents participating in formula φi, vj ∈ Vφi ; x is the stacked
vector of all agents’ states.

Definition 2.4.2. A formula φi is locally feasible ⇐⇒ ∃xφi s.t. xφi satisfies
φi.

Definition 2.4.3. A set of formulas φ1, φM is globally satisfied ⇐⇒ ∀vi ∈
V : xφi locally satisfies φi.

Definition 2.4.4. A set of formulas φ1, φM is globally feasible ⇐⇒ ∃x s.t.
φ1, φM is globally satisfied by the signal x.

Definition 2.4.5. The formula φi depends on agent vj ∈ V if and only if
the following holds: if xj ∈ Rn is not contained in xφi ∈ Rpi , then local
satisfaction of φi, i.e., (xφi , 0) |= φi, can not be evaluated. Equivalently, we
then say that agent vj is participating in φi, so vj ∈ Vφi .

Definition 2.4.6. Consider the undirected dependency graph Gd := (V , Ed)
where there is an edge (vi, vj) ∈ Ed ⊆ V × V if and only if the formula φi
depends on vj in the sense of Definition 2.4.5; Ξ ⊆ V is a maximal dependency
cluster if and only if ∀vi, vj ∈ Ξ there is a path from vi to vj in Gd and
@vi ∈ Ξ, vk ∈ V
Ξ such that there is a path from vi to vk.

Two cases of the multi-agent problem formulation need to be dis-
tinguished:

case A All agents in a maximum dependency cluster have the same for-
mula. Their control signals are defined according to the control
law in Eq. (2.24). Then, satisfaction of the formula is guaran-
teed or a least violating solution with a gap of ηgapi := ρopti − ri
is achieved if ρopti ≤ 0. What is important to note here is that in
case A, all agents in the cluster share the performance function as
well as the robustness function, as they realize the same formula.

case B The formulas within a cluster vary. Then the same control law
(2.24) is applied initially before a detection and repair scheme is
employed, which will be described in the next subsection. The
need for the detection and repair arises from the fact that formu-
las of coupled agents might be conflicting leading to global in-
feasibility of the system of formulas. The infeasibility manifests
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through the robustness function touching the funnel boundary,
which would lead to the error function ε becoming undefined.
Since there is no way to instantly change the robustness value,
the funnel must be adjusted instead.

Note that now i-th agent’s control law has the form:

ui(xφi , t) := −εi(xφi , t)gTi (xφi)
∂ρψi(xφi(t))

∂xφi
(2.35)

The parameter definitions are also appropriately modified, in order for
their indices to reflect which agent they concern. (2.26), (2.27), (2.28),
(2.29), (2.30) and (2.33) now take the form [14]:

t∗i ∈

{
ai if φi = G[ai,bi]ψi

[ai, bi] if φi = F[ai,bi]ψi.
(2.36)

ri ∈ [0, ρmaxi ) (2.37)

ρmaxi ∈ (max(0, ρψi(xφi(0))), ρopti ) (2.38)

γ0i ∈

{
(ρmaxi − ρψi(xφi(0)),∞) if t∗i > 0

(ρmaxi − ρψi(xφi(0)), ρmaxi − ri) if t∗i = 0.
(2.39)

γ∞i ∈ (0,min(γ0i , ρ
max
i − ri)] (2.40)

li = − 1

t∗i
ln
ri − ρmaxi + γ∞i
−(γ0i − γ∞i )

(2.41)

It is assumed that the time is reset at the moment of the initialization
of a task, t0 = 0. That is why t0 is absent from the equations above.

An exception to (2.38) would be when ρopti ≤ 0, which means the
formula might not be possible to fulfill. In that situation, we choose

ρmaxi ∈ (ρψi(xφi(0)), ρopti ) (2.42)

and
ri ∈ (−∞, ρmaxi ) (2.43)

then a signal xφi that does not satisfy φi but its robustness with respect
to φi reaches the level of ri, is the least violating solution to φi with a
gap of ηgapi := ρopti − ri.

As mentioned, an event may occur where the robustness function
touches the funnel boundary. It could happen for a number of reasons.



CHAPTER 2. PRELIMINARIES 17

The input limitations could lead to a situation where the control action
available is not sufficiently large to keep the robustness function away
from the boundary. In a sampled system, which is the case in practical
implementation, the frequency of the control loop may be too small
and the state change between the iterations of the controller could be
too high for the robustness to remain inside the funnel. Another reason
for the funnel violation could be uncertainties in the model. Even in
an ideal case, where none of the above occur, the set of formulas might
not be feasible, causing the funnel to be violated.

The control law used necessitates that the robustness stays within
the bounds. Therefore, the situation when this is not the case must be
detected and repair performed on the funnel. What is meant by repair
is a change of the parameters pfi resulting in a relaxation of the funnel
in such a way that −1 < ξi < 0 and the formula φi can still be fulfilled
or a least violating solution found.

2.4.1 Detection and Repair

Before proceeding to the detection and repair scheme, which makes
the system hybrid, we need to define the hybrid state zi ∈ Zi.

zi := [xi ti pfi pri ] (2.44)

where
pfi := [t∗i ρmaxi ri pγi ]

pγi := [γ0i γ∞i li]

pri := [ni ci]

ni stands for the number of stage one repair attempts performed and ci
tells the collaborative control status, that is, which formula the specific
agent is executing. ci = −1 means agent vi is free, while ci = 0 means
vi is working on its own task φi. ci is also used in communication of
collaboration requests.

Detection

An event in which the robustness function touches the funnel border
will be referred to as a critical event [14]; it is illustrated in Figure 2.2.
It corresponds to the value of the error function ε being infinite. This
can be detected by checking if the normalized error ξ leaves the open
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Figure 2.2: Robustness plot resulting from a simulation where the task
of the agent was to eventually go from point [0, 0] to [1, 1] in the time
interval of [11,15]. One critical event occurred at time t ≈ 2s.

set (−1, 0), i.e. ξ(x, t) ∈ {0, 1}. The detection of a critical increments ni
and triggers a repair action. The type of repair carried out depends on
the value of ni as well as the states of other agents in the same cluster.
To find the latter, communication is initiated and vi find out the cj for
vj ∈ Vφi and saves it in the vector c.

Depending on the value of ci, different control law is applied

ui :=


0mi if ci = −1

−εi(xφi , t)gTi (xi)
∂ρψi (xφi (t))

∂xφi
if ci = 0

−εci(xφci , t)g
T
i (xi)

∂ρψci (xφci
(t))

∂xφci
if ci > 0

(2.45)

Repair - Stage 1

It should be emphasized that the detection of a critical event by agent
vi does not necessarily mean that the formula φi cannot be satisfied
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locally. The purpose of the repair is to help satisfy the task or find a
least violating solution. The Stage 1 repair takes place if the robustness
function touches the boundary of the funnel and ni < Ni, where Ni is
the parameter determining the number of admissible stage one repair
attempts. Stage one does not involve collaboration. The agent that
detected the critical event tries to modify its own funnel to reach a
solution. Since this might not be possible, the number of attempts is
limited to Ni. Stage 1 is therefore a local repair. It relaxes the funnel,
so that the formula is still fulfilled within the predefined time interval,
which is illustrated in Figure 2.2. The parameters pfi are updated in
the manner presented below (hats above variables denote the updated
parameter values).

First the time specifications are relaxed.

t̂∗i :=

{
ai if φi = G[ai,bi]ψi

bi if φi = F[ai,bi]ψi.
(2.46)

Then the upper funnel and the desired robustness are spread apart,
the latter resulting in spatial relaxation of the requirements.

r̂i ∈

{
(0, ri) if ri > 0

ri − δi if ri ≤ 0
(2.47)

ρ̂maxi := ρmaxi + ζui (2.48)

Once the desired robustness ri becomes negative, which means the
original performance requirement could not be met, it is from then on
lowered by δi every time a repair takes place. The smaller δi, the more
accurately the least violating solution can be determined.

The performance function is adjusted to reflect the updated perfor-
mance requirements

γ̂∞i ∈ (0,min(γ̂ri , ρ
max
i − ri)] (2.49)

where γ̂ri := γi(tr) := ρ̂maxi − ρψi(xφi) + ζ li and tr is the time when the
repair occurred. Eq.(2.49) implements the steady-state error require-
ment. To define the remaining parameters, we realize that the new
performance function should reach the r̂i value at t̂∗i and that we shift
it down by ζ li (which is a design parameter) at tr. This gives rise to:

l̂i :=

{
0 if −γ̂ri + ˆρmaxi ≥ r̂i

− 1
t∗i−ti

ln
r̂i−ρ̂maxi +γ̂∞i
−(γ̂ri−γ̂∞i )

if −γ̂ri + ˆρmaxi < r̂i
(2.50)
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γ̂0i := (γ̂ri − γ̂∞i )el̂iti + γ̂∞i (2.51)

The design parameter ζui should take values within the range

ζui ∈ (0, ρopti − ρmaxi ) (2.52)

so that ρ̂maxi does not exceed ρopti and ζ li should be as follows:

ζ li ∈

{
R>0 if −t̂∗i > ti

(0, ρψi(xφi(t))− r̂i) otherwise
(2.53)

where the second case, corresponding to the current time being past
the satisfaction time t∗i , makes sure that ζ li does not bring the perfor-
mance function at the current time below the desired robustness r̂i.
Regarding the parameter δi, it determines the precision with which
the least violating solution would be achieved. The smaller δi, the finer
the precision. The choice of the parameters comprising pfi results from
the construction of the funnel as a boundary enforcing the prescribed
performance; it was explained in more detail in [14]. If Ni repairs in
stage one did not suffice and another critical event occurred, repair
stages two and three take place. One of them is initiated depending on
the values in the c vector and timing constraints in formulas of other
agents participating in φi.

Repair - Stage 2

In order to decide whether this repair stage can be executed, agent vi
needs the knowledge of the full vector c which is acquired through
communication. If c is such that:

∀vj ∈ Vφi \ vi : cj = −1 ∨ cj = 0 ∧ bi <

{
bj if φi = F[aj ,bj ]ψi

aj if φi = G[aj ,bj ]ψi
(2.54)

then a Stage 2 repair takes place. That means, if all agents participating
in the formula of the agent that detected the critical event are either
free or busy with their own tasks, then collaboration can be initiated.
For agents working on their own tasks, the additional condition is that
those tasks are less urgent. Agent vi requests collaboration on formula
φi from agents Vφi \ vi by setting ci = i. Additionally, repair stage one
is performed again to loosen the funnel.

Once a collaboration request has been issued, it must be detected
by the recipients. Each agent Vφi \ vi obtains the ci values from the
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remaining agents participating in the formula φi and if ci = i for one of
them, vj sets its formula to φi and adopts the same funnel parameters
so that it has the same error value ε.

Collaboration in the sense described above was proven to lead to
local satisfaction of φi or the discovery of a least violating solution in
[14].

Repair - Stage 3

In case the timing conditions for a second stage repair were not ful-
filled, Stage 3 repair is carried out. The funnel is relaxed again, in a
way similar to Stage 1. The new funnel parameters p̂γi is updated ac-
cording to Eq.(2.49), (2.51), (2.50) with the difference that now γ̂ri :=

ρ̂maxi − ρψi(xφi) + δi. The goal robustness is reduced by δi, so the per-
formance function is lowered by δi on both ends, at tr and at t∗i . The
upper funnel is raised by ζui with ρmaxi limited to ρopti + σ where σ > 0

is a small constant whose purpose is to avoid Zeno behavior [14].

Formula satisfaction

The agent must also be aware of whether the formula it was working
on has been satisfied or not. The satisfaction of a formula depending
on its type is determined by{

ti > bj if φi = G[aj ,bj ]ψi

ti > aj ∧ ρψi(xφi(ti)) if φi = F[aj ,bj ]ψi
(2.55)

The former condition does not guarantee that the formula was actually
satisfied, but it is a condition allowing the formula to be terminated.
The satisfaction is assumed to had been ensured by the construction of
the funnel and control law. Now that the current task is finished, the
agent either becomes free or returns to its own task it had postponed
in order to take part in another agent’s collaborative task.

2.5 Potential fields method for obstacle avoid-
ance

As it was impossible to formulate the obstacle avoidance task in the
STL framework in a straightforward way, due to the assumption that
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predicate functions used are concave, a potential field method was
used [7].

Figure 2.3: Repulsive control input magnitude as a function of the dis-
tance from an obstacle.

A repulsive control input was applied when agents came within
some range from each other. The intention was to have the maximum
repulsive signal directed away from the obstacle if the distance from
it was below R1 and zero signal if the obstacle was far away, e.g. far-
ther that R2. The magnitude of the repulsive force as a function of the
distance from an obstacle is shown in Figure 2.3. In the implemented
system that will be described later, only other agents were treated as
obstacles since their position information was available. There were
no sensors onboard that would facilitate general collision avoidance.
From the perspective of agent vi, the control input took the form

urepi =
∑

vj∈V:‖zi−zj‖<R1

umax
zi − zj
‖zi − zj‖

+
∑

vj∈V:r<‖zi−zj‖<R2

k

(
1

‖zi − zj‖
− 1

R

)
1

‖zi − zj‖2
zi − zj
‖zi − zj‖

(2.56)
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The scaling factor k is chosen in such way that at ‖zi − zj‖ = r, the
urepi the sum component corresponding to vj is equal in magnitude to
the maximum value umax as in the physical system, control inputs are
going to be limited.

k = umax
R2R

3
1

R2 −R1

(2.57)

Both here and in the prescribed performance controller, the control
signals were essentially velocities. The dynamical model of the robot
was completely disregarded and it was assumed that the input veloc-
ities would be reached without significant delays. This does not con-
flict with the PPC framework - one of its main features is robustness to
model uncertainty, which is exercised here.
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Implementation

The practical implementation entails a number of issues that, in the
theoretical case discussed earlier, were nonexistent. One of them is as-
sociated with the control input magnitude being bounded, as a result
of which the guarantee of satisfaction of a formula φi by the control
law in Eq. (2.24) does not hold. Moreover, the control loop frequency
is finite. This in turn leads to the possibility that the robustness func-
tion could leave the bounds of the funnel and the transformed error
Eq. (2.16) would become undefined.

Even though the guarantees are not in place any more, in most
practical scenarios, with sensibly chosen tasks, local formulas should
be feasible. Of great significance here is the repair scheme - it makes
the margin between the system able and unable to satisfy a formula
larger, especially when using an exponential performance function.

The communication protocol, which was essential in the execution
of the collaborative tasks, is outlined in Alg. 1. Once the full infor-
mation about the states of all agents is acquired, the prescribed per-
formance controller is initialized (lines 1-2). In each iteration of the
control loop, at a frequency of 100Hz, a number of operations are car-
ried out. First, changes to the collaboration parameters are checked for
and the current state vector is read. Based on the values of c, an exter-
nal collaboration request from another agent may be processed (lines
4-17). The task completion criterion is then checked, which might re-
sult in the change of the task the agent is working on (lines 18-27).
Finally, the detection and repair procedure is performed, as described
in Section 2.4.1. Alg. 1 is meant to give the reader an idea about the
structure of the controller loop. The implementation is consistent with

24
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Algorithm 1 Hybrid controller algorithm with emphasis on communi-
cation, for agent vi

1: Wait until pose data from all agents has been received.
2: Initialize controller for φi.
3: while True do
4: Check for updates in c, read x.
5: if ∃j 6=icj = j ∧ ci 6= j then
6: ci ← j

7: Change the current formula to φj .
8: end if
9: if ∃j 6=ici = j ∧ cj = −1 then

10: if φiis completed then
11: ci ← −1

12: else
13: ci ← 0

14: Change the current formula to φi.
15: Reinitialize the controller for φi.
16: end if
17: end if
18: if φi is completed then
19: if ci = 0 then
20: ci ← −1

21: else
22: if ci = i then
23: ci ← −1

24: send collaboration termination request
25: end if
26: end if
27: end if
28: if ξi(x, t) /∈ (−1, 0) then
29: if n ≤ N then
30: perform repair stage one
31: else
32: perform repair stage two or three depending on the timing

constraints
33: end if
34: end if
35: Compute ui(xφi , t) and apply to the system.
36: end while
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[12] and [14]. The parameter vector pfi is published at the same time
as c.

3.1 System overview in ROS

The implementation of the project was carried out using the Robot Op-
erating System (ROS) platform [20]. The code packages were written
in either Python or C++. The hybrid controller, which is the main sub-
ject of this work, was written by the author of this thesis. Libraries
from external sources were used for low-level control of the motors,
parsing mathematical expressions [21], linear algebra [22].

The ROS-based system consists of a number of modules. The most
important of those is the hybrid controller node deployed in an in-
dividual instance for each of the agents. The node is responsible for
communication between the robots, the task updates, and the high-
level control. The lower-level feedback control of wheel motor veloci-
ties is performed with the use of a PID controller. The structure of the
system can be seen in the form of a communication graph highlighting
the nodes and topics through which messages are exchanged between
the nodes, see Figure 3.1.

Additionally, a ROS node was created to read the messages and
plot robustness functions either at runtime or from a recorded bag file.
A virtual agent node was also written to be used in simulations. There,
an agent was modeled by a single integrator. That means the velocities
could be controlled directly.

While all the hybrid_controller nodes are run on a remote computer,
the robot nodes are executed locally on-board the robots and are re-
sponsible for the low-level control. In a simulation case, the robot
nodes are virtual agents imitating the real robots. The pose and con-
trol signal messages are transmitted through the /pose_robot and /cmd-
vel topics. The topics named /c and /collaboration_params are used to
exchange the values of ci and pfi between the agents.

The STL formulas and their derivatives were loaded into the pro-
gram from a configuration file in the form of mathematical expres-
sions. They were parsed and after binding state variables, ρψi(xφi(t))

and ∂ρψi (xφi (t))

∂xi
values were computed at every control loop iteration.
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3.2 Controllers

Prescribed performance control was employed for executing the in-
dividual tasks of the robots. The implemented logic follows the de-
scription in [14] with only minor modifications that were necessary to
ensure satisfactory performance of the physical system as the theoreti-
cal case concerns a perfect continuous-time system with no delays and
unbounded control signal.

To avoid collisions, potential field control (PFC) was employed in
the form presented in [7]. Each robot was repulsed by all other robots
within its neighborhood with an intensity increasing with proximity
of the robots. This was discussed in Section 2.5.

The control signals (velocities) from the two controllers, PPC and
PFC, were summed and normalized to the maximal value umax, which
for both experiments and simulations was set to 0.2m

s
. Additionally a

design parameter α was provided to weight between the two control
signals and leverage formula execution or collision avoidance in the
following way

ucombinedi (x, t) = ui(x, t) + αurepi (x) (3.1)

If the norm of ucombinedi is greater than umax, it is normalized by

ufinali (x, t) =

{
ucombinedi (x, t) if ‖ucombinedi (x, t)‖ ≤ umax

ucombinedi (x, t) umax

‖ucombinedi (x,t)‖ otherwise
(3.2)

and ufinali (x, t) is finally applied to the system.
An additional condition was put in place in order to prevent oscil-

lations within the goal region after meeting the desired robustness re-
quirement. A zero ui control signal was applied as long as ρψi(xφi(t)) >
ri for agent vi executing the formula φi. Since ri was the ultimate qual-
itative measure of the task execution, there was no point driving the
robot any further.

3.3 Parameters

The requirements on the values of the parameters pfi were defined in
[14] both for when they are initialized and during the repair proce-
dure. In this thesis, they were discussed in Sections 2.3 and 2.4.1. Since
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the performance guarantees mentioned in [14] hold for all values ly-
ing in the intervals in (2.36)-(2.41), the specific choice obeying those
does not affect the feasibility of a formula. Therefore, whenever pos-
sible, for the sake of simplicity, the pfi values in the implementation
were selected randomly, reducing the number of design parameters
to four {Ni, ζ

u
i , ζ

l
i , δi} for the prescribed performance controller. More-

over, those four were equal among all agents comprising the system.
With U(α, β) denoting a uniform distribution on a range (α, β), we

use the following initialization settings:

t∗i =

{
ai if φi = G[ai,bi]ψi

ai + bi−ai
3

if φi = F[ai,bi]ψi.
(3.3)

ρmaxi = max(0, ρψi(xφi(0))) + 0.9(ρopti −max(0, ρψi(xφi(0)))) (3.4)

ri ∼ U(0,
ρmaxi

2
) (3.5)

γ0i :

{
γ0i = (ρmaxi − ρψi(xφi(0))) + 0.2|ρmaxi − ρψi(xφi(0))| if t∗i > 0

γ0i ∼ U(ρmaxi − ρψi(xφi(0)), ρmaxi − ri) if t∗i ≤ 0,
(3.6)

γ∞i ∼ U(0, min(ρψi(xφi(0))− ri)) (3.7)

and li as in (2.41).
In the repair procedure, distinguishing between repair stages, we

apply:

t̂∗i =

{
t∗i if φi = G[ai,bi]ψi

bi if φi = F[ai,bi]ψi.
(3.8)

ρ̂maxi = max(ρmaxi + ζui , ρ
opt
i + σ) (3.9)

where σ is a small constant and

ρ̂maxi = ρmaxi + ζui . (3.10)

Then two operations are applied to the desired robustness value. First,
in order to ensure that if a critical event occurs after t∗i , ri stays below
the current robustness:

ri = ρψi(xφi(tr))− 0.001 (3.11)

if tr > t∗i ∧ ρψi(xφi(tr)) < ri. Then in the first repair stage:

r̂i =

{
ri
2

if ri > 0

ri − δi if ri ≤ 0
, (3.12)
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as opposed to the repair stages 2 and 3, where:

r̂i = ri − δi (3.13)

As explained in Section 2.4.1, the lower funnel is pushed down by ζ li
at the time of the repair, tr. Hence

γ̂ri =

{
ρmaxi − ρψi(xφi(tr)) + ζ li in repair stage 1 or 2
ρmaxi − ρψi(xφi(tr)) + δi in repair stage 3,

(3.14)

where ζ li :

ζ li :

{
ζ li is set in a configuration file if t∗i > 0

ζ li ∼ U(0, ρψi(xφi(tr))− r̂i) if t∗i ≤ 0
(3.15)

Moreover, to complete the parameter set, there are

γ̂∞i ∼ U(0, min(γ̂ri , ρ̂
max
i − r̂i)) (3.16)

l̂i = − 1

t∗i − tr
ln
r̂i + γ̂ri − ρ̂maxi

−γ̂ri + γ̂∞i
(3.17)

Whenever a parameter value was required to stay inside a finite-
sized interval, it was sampled from a uniform distribution. Otherwise,
it was chosen empirically.

This setting proved to yield satisfactory results in terms of con-
troller performance irrespective of the task formulation and simplified
the controller design process to the degree where the user only inputs
the STL formulas.

3.4 Linear funnel

As an alternative to the exponential performance function, a linear one
was tried, denoted by γlin instead of γ. The is no difference in the way
the parameters pfi are computed. The lower funnel again, as in the case
when the exponential performance function was used, is such that

−ρ̂maxi + γ̂lini (tr) = ρψi(xφi(tr))− ζ li (3.18)

and
−ρ̂maxi + γ̂lini (t∗i ) = r̂i (3.19)
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The two points are now connected by a linear function instead of an
exponential on, so from (3.18) and (3.19), a linear function of time

γ̂lini (t) =

{
r̂i if t ≥ t∗i
r̂i−γ̂lin(tr)
t∗i−tr

(t− t∗i ) + r̂i if t < t∗i
(3.20)

is computed. Note that γlin is continuous (3.20), however, it violates
the assumption that the performance function should be continuously
differentiable, posed in [18]. Since in a practical application sampled
signals are dealt with, the same samples could as well come from a
smooth function so the assumption is relaxed. For the proposed γlim,
there exists a continuously differentiable function that would produce
the same set of samples as the set obtained sampling γlim, so the same
control law (2.24) can be applied with its performance guarantees.

All experiments and simulations were run with the following choice
of the user-set parameters:

η = 10

ζ li = 0.25∀i

δi = 0.025∀i

Ni = 2∀i

R1 = 0.6

R2 = 0.7

α = 1.5
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Figure 3.1: A graph of ROS nodes and topics in a simulation of Sce-
nario 2.
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Experiment and simulation

Figure 4.1: The Nexus robot.

The experimental setup consisted of three omni-directional Nexus
robotic platforms, Figure 4.1. In simulation, they were modeled by a
single integrator, while in the experiment, the inertia was not taken
into account and they were assumed to be able to reach the desired
velocity instantly. As mentioned earlier, it was possible assuming the
low-level velocity controller was fast enough. The PPC method also
allowed for model uncertainties which was exercised here.

Each of the robots was fitted with a number of reflective markers
that were used by the motion capture system which provided the con-
troller with accurate pose information. The need for an elaborate lo-

32
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calization algorithm was thus eliminated. Furthermore, on the robot
side, the low-level control was performed through an Arduino micro-
controller board and a RaspberryPi acted as a proxy between the Ar-
duino and the rest of the network being responsible for the network
connectivity and hosting the rosserial node passing the data collected
by the Arduino.

The objective of the experiment was to verify the effectiveness of
the combination of STL and PPC with emphasis the collaboration scheme.
Additionally, two different lower funnel models were compared. The
exponential funnel used in [18], [12] was contrasted with a linear one.

4.1 Scenarios

The experiment consisted of three scenarios, each of them designed to
verify a specific behavior of the system. Scenarios 1 and 2 were exe-
cuted both in a physical experiment involving the Nexus robots and
all three scenarios were simulated on virtual agents. The objectives of
each of the phases are going to be outlined in subsections to follow.

4.1.1 Scenario 1

Three agents start in positions x0 =

[
−2

0

]
, x1 =

[
−2

−0.5

]
, x2 =

[
−2

0.5

]
and their formulas are:

ψ0 := (‖x0 − x1‖ < 1 ∧ ‖x0 − x2‖ < 1), φ0 := G[5,30]ψ0

ψ1 := ‖x1 −
[

0

−2

]
‖ < 0.1, φ1 := F[21,30]ψ1

ψ2 := ‖x2 −
[
0

2

]
‖ < 0.1, φ2 := F[21,30]ψ2

In words, all agents start close to each other. Agents 1, 2 then start
spreading, while agent 0 is supposed to stay close to both of them at
the same time. The timing constraints do not allow for collaboration
from the perspective of the agent following the remaining two.
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4.1.2 Scenario 2

The agents face a situation where their tasks are in conflict with each
other again. This time, however, the timing constraints allow for col-
laboration. Agent 1 performs a conjunction-type formula, through
which it is coupled with agent 0. At the same time, agent 2 carries
out its own, non-collaborative task. In this example, the agents form
two maximal dependency clusters (see Definition 2.4.6): Ξ0 = {v0, v1},
Ξ1 = {v2}. The formulas are:

ψ0 := ‖x0 −
[
2

2

]
‖ < 0.1, φ0 := F[45,49]ψ0

ψ1 := (‖x1 − x0‖ < 0.6 ∧ ‖x1 −
[

2

−2

]
‖ < 0.1), φ1 := F[23,24]ψ1

ψ2 := ‖x2 −
[
−1

0.5

]
‖ < 0.1, φ2 := F[10,13]ψ2

4.1.3 Scenario 3

Only one agent, starting from x0 =

[
0

0

]
, is involved here, with a non-

collaborative formula:

ψ0 := ‖x0 −
[
1

1

]
‖ < 0.1, φ0 := F[7,10]ψ0

4.2 Results

This section is going to be dedicated to the presentation of the results
of experiments and simulations. First, collaborative control will be
analyzed. A difference between a simulation and an experiment will
then be assessed with respect to robustness characteristics. After that,
two performance functions making the lower funnel will be compared.

4.2.1 Collaboration

Both Scenario 1 and Scenario 2 present problems that could require
collaborative control to be solved. As mentioned above they differ in
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(a) agent v0 (b) agent v1

(c) agent v2

Figure 4.2: Robustness graph, Scenario 1.

that the timing specifications in Scenario 1 would not allow for collab-
oration, so a least violating solution is found for agent v0.

The robustness graph, along with the appropriate funnels and de-
sired robustness functions for the experiment are shown in Figures
4.2a, 4.2b, 4.2c for agents v1, v2 and v3 respectively. The graphs re-
lated to agents v2 and v3 show a robustness growing in time with some
critical events at the beginning of the task execution, around 1-2s. The
funnel was then repaired and the formula could still be fulfilled, with a
slight relaxation of the prescribed performance. Agent v1 on the other
hand, was not able to prevent its robustness from decreasing as it was
dependent on other agents’ states. The repairs only resulted in reduc-
ing the desired robustness level with which the task would be satisfied.
The final r0 fixed around the value −1. This correspond to being one
meter away from satisfying the formula which was already unrestric-
tive enough to provide a one-meter proximity margin, that is, v1 was
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supposed to stay within 1m from the others. This means that in the
final position v1 was 2m away from both v2 and v3 which both com-

pleted their objectives reaching, with an error of less than 0.1m,
[
2

0

]
and

[
−2

0

]
respectively, being 4m from each other with v1 in between.

The oscillations that become pronounced towards the deadline for the
satisfaction of the formulas are caused by the funnel being too narrow.
Then, slight state changes result in a large control signal being applied.
Moreover, the inertia of the physical agent prevents it from reaching
the set velocity instantly. This is a phenomenon common in propor-
tional control which the control law used could be approximated by at
a moderate distance from the funnel boundary and center.

(a) agent v0 (b) agent v1

(c) agent v2

Figure 4.3: Robustness graph, Scenario 2.

Scenario 2 was designed to test the collaborative control. Agent
v2, see Figure 4.3c for a robustness curve, executes a non-collaborative
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formula and no other agent’s formula depends on v2 (it is in a max-
imum dependency cluster of its own), so it will be kept out of focus
in the paragraphs to follow in this section. Agents v0 and v1 start by
carrying out their own tasks. They are supposed to go apart but at
the same time v1 must follow v0. Therefore the two sub-formulas com-
prising φ1 are contradicting given the behavior of v0. Because of this,
φψ1(xφ1) stops increasing and several critical events occur one after an-
other around the 5s mark (Figure 4.3b). Once the maximum number
of funnel repairs in the first repair stage (K = 2) has been performed,
the second repair stage takes place. Since the collaboration conditions
with respect to the c and the temporal specifications, (2.54), are met a
collaboration is initiated by v1. v0 responds by changing its formula to
φ1, which is manifested by the jump in the robustness value at t ≈ 6s

in Figure 4.3a. Both agents now work on the same formula until its
satisfaction at t ≈ 23s, marked with another differential discontinu-
ity in Figure 4.3a. Event though the robustness with respect to φ1 had
been above r1 for a moment before Figure 4.3b, the satisfaction has not
happened because the temporal atomic formula φ1 demanded that ψ1

is fulfilled in the time interval of [23, 24]. After that, v0 returns to its
own formula as there is still time before the deadline of b0 = 49. With
some more critical events occurring in the process, φ0 is satisfied at
t ≈ 45s. Even though the funnel guaranteed the satisfaction before
t = 49s, the desired value r0 was reached significantly sooner, shortly
after the t = 40s mark. The agent then waited idly until t ∈ [45, 49].
With all local tasks completed, the system of formulas became globally
satisfied, Def. 2.4.3.

4.2.2 Simulation vs experiment

The experimental results presented earlier were contrasted with a sim-
ulation outcome. Scenario 2 was executed both on Nexus robots and
on virtual agents. The robustness graphs for each of the three agents
involved are shown in Figures 4.4-4.6.

First of all, the oscillations that occurred in the experiment were
absent in the simulations, as the agent’s velocity, and consequently
the rate of change of the robustness with respect to the formula, was
controlled directly. There was not lower-level feedback controller in-
volved for velocity control.

More importantly, the robustness curves were not affected dramat-
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(a) experiment (b) simulation

Figure 4.4: Robustness graph, Scenario 2, agent v0.

(a) experiment (b) simulation

Figure 4.5: Robustness graph, Scenario 2, agent v1.

ically by the modeling inaccuracy in the experimental setup. They re-
main similar throughout the scenario. The objectives for agents v0, v1
and v2 were achieved with robustness differing by 0.1m, 0m and 0.2m

respectively, all in favor of the simulation. These differences are no-
ticeable, however, due to a degree of randomness in the positioning
of the vehicles, they could fluctuate, causing the collision avoidance
to have a greater or lesser impact on the robustness curve’s evolution.
The stagnation in robustness increase between t = 4s and t = 9s could
be attributed to that.
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(a) experiment (b) simulation

Figure 4.6: Robustness graph, Scenario 2, agent v2.

4.2.3 Funnel comparison

The formula construction from Equation (2.21) results in the robust-
ness value being proportional to the linear velocity of the agent. Since
the velocity is limited to some maximal value, knowing that the for-
mula could depend on multiple moving agents, the rate of change
of the robustness value will never be greater than twice the maximal
velocity umax, which would correspond to two agents going towards
each other in an agent-following task. In general, a slope of the lower
funnel steeper the umax is likely to lead to critical events. That is of-
ten the case when using the exponential performance function. The
graphs presented earlier (Figures 4.2, 4.3) showed that there were crit-
ical events early in the task execution, when the lower funnel was
steeper. Those were due to the lower funnel being too steep. More-
over, at times, the robustness function was increasing linearly, which
meant the robot was traveling at full speed; that hints at the linear
funnel choice being more natural.

Scenario 3 was simulated with two different performance func-
tions. The results for an exponential funnel can be seen in Figure 4.7a
and in Figure 4.7b for the linear funnel. Interestingly, the ρψ(x(t)) func-
tion takes similar shapes in both cases. That is because the agent trav-
els at its maximum velocity. What is different is the occurrence of criti-
cal events in the former case. A number of them took place between 0.5
and 3.5 seconds resulting in a substantial decrease in goal robustness
r. Even though the agent still had time to satisfy the original objective,
it stopped, as the current r was reached. With the linear performance
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function, which suited the characteristics of the agent, there were no
critical events and the goal location was reached with a positive ro-
bustness value.

One needs to remember that the funnel violations in practical im-
plementation are inevitable. A reason for those, apart from those men-
tioned in Section 2.4, could be the obstacle avoidance leading to the
robot being diverted away from the direction imposed by the funnel.
In that case, a linear funnel may even prove a worse solution, depend-
ing on whether the obstacle is being avoided early or late in the period
of task execution.

(a) exponential funnel (b) linear funnel

Figure 4.7: Robustness graph for the funnel comparison, Scenario 3,
agent v0.
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Conclusion

The advantages of the method were known and were to a large extent
confirmed in the practical implementation. The STL makes a conve-
nient and easy to use description of system objectives, while the PPC
provides a way to incorporate requirements with respect to the quality
of the system response in the task plan. At the same time, the synthe-
sized control law is straightforward and computationally inexpensive.
The performance guarantee has shown to be invariant to modeling in-
accuracies and, in the majority of scenarios, also to limits in the control
signal.

However, there is also a shortcoming making the approach unsuit-
able in practice. That is the loss of the desired robustness r especially
evident in agent following tasks with a long time horizon. The repair
scheme is correct in the sense that it helps satisfy the formula by re-
ducing the requirements on the system but with complex formula or
dynamic couplings between agents, that results in even a seemingly
simple task not being satisfied with a perceptually satisfactory accu-
racy. Once an agent loses robustness, which could take place because
of a need to avoid a collision with an obstacle, or because of a conflict
in the formulas, it cannot recover from it. In Scenario 2 discussed ear-
lier, agent v0 finished its task 0.5m away from its original goal largely
because of that and the exponential funnel being too steep at a critical
moment.

41
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5.1 Further work

In order to better take advantage of the capabilities of the control method,
support for sequential STL formulas should be added. Moreover, the
issue of r dropping too much could be addressed by devising an exten-
sion to the detection and repair scheme allowing for r to be increased.

In least violating solutions, r is equivalent to the level of satisfac-
tion of an STL formula. Therefore, in the sense of Definition 2.1.2, the
robustness with respect to the temporal formula would not change
even if an increased r was used for the purpose of funnel construc-
tion.

The assumption on the underlying motion model of the robot is
too restrictive for the solution to be useful in practical applications.
Relaxing it would require significant modifications to the controller.

As for the implementation, the way the formulas are loaded to the
system should be automated. The user should not have to enter the
mathematical expressions describing the robustness function and its
gradients in a configuration file.

Experiments have been done where the agents described in this
thesis coexist in an environment with agents whose specifications are
expressed in LTL. The latter are more suitable for e.g. surveillance
tasks. The utility of such heterogeneous robot groups could be inves-
tigated.
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