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ABSTRACT The potential benefits of networked control systems are tremendous, as they can be easily
upgraded by just including new components (i.e., sensors, actuators, or controllers), avoiding any further
modifications to their structure. A critical approach to unleash such potential benefits is event-based control,
where the system output turns to be sampled on demand, instead of being sampled constantly at rigid periods
of time. This paper analyzes from a bibliometric point of view the literature published for the last twenty years
on event-based control, identifying the most relevant articles, authors, institutions, and journals. Moreover,
the principal topics, motivations, and problems faced by the researchers are discussed, identifying distinct
challenges and opportunities for future research.

INDEX TERMS Bibliometric analysis, event-triggered control, self-triggered control, distributed systems,
estimation, nonlinear systems.

I. INTRODUCTION
Most control applications are implemented in digital plat-
forms, which need to exchange information between sensors,
controllers, and actuators at discrete instants. Traditionally,
these instants are set by a sampling period, which equally
distributes them in time. If the sampling period is sufficiently
fast, then the control strategy can be designed assuming a con-
tinuous exchange of information. However, the development
of communication, control and computation technologies in
the last decades has produced great interest in networked
control systems (NCSs), which involve a communication
network. NCSs provide multiple benefits: cost reduction of
installation and maintenance, reliability improvement, flex-
ibility increase, etc. As a consequence of this change of
paradigm, controllers have to be designed by taking into
account the network’s implementation.

In this context, the interest in the idea of when the system’s
output should be sampled and when the control’s action
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should be executed has considerably grown. Event-based
strategies introduce a ‘‘feedback’’ in the sampling tasks:
instead of a constant sampling period, the information trans-
mission is carried out when the system ‘‘demands’’ it.

Before going into the paper, it is worth noting that there is a
lack of uniform terminology for this concept. Following [1],
in this paper event-based control denotes control strategies in
which measurements rather than the time determines when
to sample. We differentiate between the two main strategies:
event-triggered control and self-triggered control. The first
one is a reactive strategy: a triggering condition is monitored;
and when it is violated, an event is generated, producing the
transmission of information. Depending on the characteristics
of the condition, different notations might be used, such
as send-on-delta control or deadband control. The second
one is a predictive strategy. Using the available informa-
tion and a model or knowledge of the system’s dynamics,
the next transmission instant is precomputed during the cur-
rent transmission. One of the most important applications
of event-based control is to distributed and decentralized
systems. In general, each node in a decentralized system
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makes the decisions based only on its own behavior, while
each node in a distributed system takes into account the
information of its neighbors, but it does not have access
to global information. However, these definitions are not
followed consistently in the literature, and usually the terms
distributed and decentralized are equally used. Moreover,
both ideas can be mixed, e.g., a distributed controller with
decentralized event-triggering mechanisms. For that reason,
in this paper we simply denote an approach as distributed
when there is no global information available.

Since 1999, abundant research has been undertaken on
event-based control. To understand the extensive literature
on this topic, this paper analyzes 2,299 research articles,
providing the answer to the following research questions:

• What articles are the most influential?
• What actors lead the research on event-based control
(authors, institutions, and journals)?

• What control and estimation problems have proved to be
more interesting from the point of view of event-based
control? How has this interest evolved over time?

• What challenges does future research need to address?

The remainder of this paper is organized as follows: In
Section 2, related books and overviews about event-based
control are presented. The methodology followed to con-
duct our bibliometric analysis is sketched in Section 3.
Then, the results are summarized and discussed in Section 4.
Finally, the main conclusions are provided in Section 5.

II. RELATED WORK
Research on event-based control has grown considerably
since the publication of Årzén’s [2] and Åström et al.’s [3]
seminal papers twenty years ago. As we will see in
Section IV-F, this trend has accelerated recently: the number
of articles published in the last two years is nearly the same
as in the previous eighteen years.

To analyze the extensive literature that has been published,
several surveys and literature reviews have been written
addressing different aspects of the field. In 2007, Hespanha
et al. [4] published an introduction to NCSs. Even when
event-based control strategies are not considered in this paper,
it states the main advantages and disadvantages of communi-
cation networks, and therefore, the main issues with which
event-based control strategies are going to deal.

Later, in 2012, Heemels et al. [1] published the first
introduction to event-triggered and self-triggered control.
After this article, different surveys have been published, such
as the one devoted to event-based control for NCSs [5],
event-based estimation [6], event-based nonlinear control [7],
periodic event-triggered control [8], event-based filtering [9],
event-triggered consensus [10] or event-based communica-
tion [11].

Several books have also been published with the aim of
compiling the knowledge about the field: in [12], the event-
based paradigm is examined in control, communication,
and signal processing; [13] describes different techniques of

asynchronous control and focuses specifically on event-based
control strategies; and, finally, event-based estimation is stud-
ied in [14].

This paper contributes by analyzing a much larger number
of articles with an alternative approach: instead of a survey
or a literature review on a more reduced number of papers on
the topic, we present a longitudinal bibliometric analysis that
provides a general overview of the whole literature published
on event-based control, detecting also trending topics that
foreseeably will be further developed in the near future.

III. MATERIALS AND METHODS
A. RESEARCH QUESTIONS
This paper targets the following research questions:

RQ1.What articles are the most influential? Rationale:
A goal of this paper is to offer guidance on the vast literature
available about event-based control. A fundamental aspect of
this guidance is identifying the most prominent articles (see
Section IV-A).
RQ2. What actors are leading the research on

event-based control?
Rationale: In addition to the most relevant articles, our

work looks for identifying the main contributors distinguish-
ing: (i) the most cited authors and their collaboration net-
works, (ii) the principal journals, and (iii) the institutions/-
countries that have contributed the most to the research area
(see Section IV-A).
RQ3. What control and estimation problems have

proved to be more interesting from the point of view of
event-based control? How has this interest evolved over
time?

Rationale: Control engineering is a vast and horizontal
field with applications in many other areas. Recognizing
which specific problems have been successfully solved using
event-based control may reveal new areas of future utiliza-
tion. Moreover, our work examines if the relation between
theoretical and practical research is balanced, investigating to
what extent articles go beyond academic concerns, and deal
with actual industrial problems (see Sections IV-B to IV-D).

RQ4. What challenges does future research need to
address?

Rationale: With the aim of detecting new challenges or
research gaps that need future explorations, this paper puts
particular emphasis on the literature published recently (see
Section IV-F).

B. PAPERS’ IDENTIFICATION
The first step we took for answering this work’s research
questions was obtaining a representative publication sam-
ple. As other authors have pointed out [15]–[17], finding
the complete set of all relevant articles for a broad scope
literature review is unrealistic. Accordingly, we pursued the
more modest goal of getting a sound publication sample able
to represent the population adequately. To do so, we followed
the systematic procedure summarized in Figure 1.
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FIGURE 1. Schematic summary of the publication selection procedure.
5,383 candidate publications were gathered from WoS and Scopus. After
discarding duplicates and papers out of scope, 2,299 publications were
selected for analysis.

The following string query was designed to get the publi-
cation sample from bibliographic databases, looking for an
equilibrium between identifying the maximum amount of
articles related to the topic and minimizing the number of
false positives.

We restricted our search to the databases that nowadays
render the highest quality for longitudinal bibliometric anal-
yses [18]–[20]:Web of Science (WoS) byClarivateAnalytics,
and Scopus by Elsevier. The query combines different terms
using the Boolean connectorOR, and the proximity operatorW
(i.e., word1 W/10 word2means that word1 and word2
can be placed at a maximum distance of ten words). It also
includes the asterisk symbol (*), which represents any group
of characters, including no character.

The query has three main parts: first, in lines 2-3, the two
sampling approaches are included. In the self-triggered con-
trol approach, the notation has stayed the same since the
seminal paper [21]. However, in the event-triggered control
approach, different names have been equally used, such as
event-based [2], event-trigger* [22], and event-driven [23].
We include the term send-on-delta as well, since it is a strat-
egy of event-triggered control that usually appears without
reference to event-triggered [24].

Second, in lines 5 and 7, we consider the different prob-
lems, frameworks and situations intrinsically related to the
approaches. Hence, control*, feedback, stabiliz* usually refer
to control problems; consensus and synchronization are
related to distributed and/or multi-agent systems; sampl*,
transmission*, communication*, measure* are oriented to

papers which emphasize the sampling approach; estimation
is logically dedicated to estimation problems; and strateg*
tries to cover papers that do not specify more information in
their title. Naturally, many papers include more than one of
these terms.

Finally, line 9 is incorporated to consider some pub-
lications specifically focused on Lebesgue and Lyapunov
sampling. They are separately included because the terms
Lebesgue sampling and Lyapunov sampling always appear
in that form [25], while terms like Lyapunov control can
refer to a wide range of topics out of scope. For the same
reason, we do not consider terms like feedback scheduling,
even when some papers are related to event-triggered control,
such as [26].

5,383 candidate articles were retrieved from the databases,
which were subsequently filtered according to a precisely
defined protocol. Papers were selected whenever they satis-
fied some of the following paper Inclusion criteria:
I1 Publications focused on event-based control.
I2 Publications that contribute to ask at least one of

these paper’s RQs.
and none of the following Exclusion criteria.

Non-peer
E1 reviewed publications.
E2 Articles not written in English.
E3 Publications not accessible in full-text.
E4 Papers presenting summaries of conferences/edito-

rials, or published in the form of abstract or poster.
Each paper’s filtering was conducted by two of the article’s

authors selected at random. In the case of disagreement,
a third author arbitrated the final decision. The process ended
up with a sample of 2,999 articles that fulfilled the inclu-
sion/exclusion criteria above.

C. PAPERS’ CLASSIFICATION
To analyze the discipline development over time and to detect
future research trends, the publication sample was classi-
fied. Several aspects were considered to set the categories of
interest for the classification, including (i) the thematic areas
discussed in the surveys summarized in Section II, (ii) some
dedicated conferences to this thematic (e.g., the IFAC Work-
shop on Distributed Estimation and Control in Networked
Systems, and the International Conference on Event-Based
Control, Communication, and Signal Processing), and (iii)
the paper authors’ knowledge and expertise. As a result,
the following categories were adopted:
• Timing: In the literature, there are two main approaches
to decide when the system is sampled, moni-
tored or when new control actions are computed:
event-triggering and self-triggering. The last strategy
avoids the waste of resources in monitoring the state or
other variables of the system by making a prediction,
based on the current measurement, of when a new action
will be required. For event-triggered control, we dis-
tinguish the nature of the time sets depending on if
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they have a continuous or discrete nature. In the latter
case (discrete event-triggered control), it is relevant to
analyze if the model for the system is also discrete or
not. When discrete models are considered, most of the
existing strategies for continuous time can be extended
easily. Another interesting approach is when the model
of the plant is continuous, but a kind of ‘‘sampled-data’’
strategy is taken, yielding to what is known as peri-
odic event-based control. Thus, three categories have
been considering regarding the timing: self-triggered
control, continuous event-triggered control, and discrete
event-triggered control, which merges the aspects men-
tioned above.

• Objective: We mainly focus on two topics here: esti-
mation and control. The estimation category may cover
papers on state estimation, signal processing, filter-
ing or fault detection; whereas the control category
includes those works where a controller for the system
is designed, independently of the objective (stabiliza-
tion, tracking, consensus, synchronization, to cite a few).
Moreover, those architectures that consider an observer
to include the estimation in the control algorithm are
classified into the topic of control rather than estimation.
An issue that falls out of these two is the design of
network architectures or protocols for event-triggered
control systems, and hence, this has been considered as
a different category.

• Design method: For those papers that come under the
control topic, the design method employed for the con-
troller has been examined. More specifically, it is dis-
tinguished between state feedback, output feedback,
model predictive or model-based controllers, PID, and
other design methods, which may include nonlinear
methods or intelligent control techniques, for example.
It is important to remark that state and output feedback
approaches may consider dynamical controllers, where
PID control is included. However, a separated category
is considered for PID because of its importance in the
industry [27].

• Architecture: While the first papers on event-triggered
control focused on single plants and centralized
approaches, the proliferation of networked control sys-
tems, especially over wireless communication, has made
that decentralized/distributed implementations are more
convenient. Thus, this aspect has been used in the anal-
ysis. Moreover, the recent interest and considerable
amount of papers on the topic of multi-agent systems
(mainly based on decentralized/distributed approaches)
has motivated to treat this issue separately.

• System dynamics: Many processes and systems cannot
be modeled adequately through linear systems. Conse-
quently, the classification distinguishes when the system
dynamics are linear and nonlinear.

• Experimental results: Given the importance that pub-
lished research includes some empirical validation,
implemented over real systems, that tests its robustness

and effectiveness, our classification identifies whether
such validation is reported or not.

It is worth noting that we performed the categorization
manually: each paper was classified by two of us, participat-
ing a third author in case of disagreement. Bibliometric stud-
ies often use automatic procedures to classify the papers [28],
[29]; for instance, applying clustering algorithms to extract
patterns from the articles’ keywords. However, we found
those approaches superficial for the kind of classification that
our work pursues, since it requires a deep understanding the
papers. For example, some articles do not explicitly mention
if they deal with discrete or continuous models, or if any
experimental validation has been performed. That informa-
tion needs to be determined by a human expert after reading
the paper.

D. IDENTIFYING THE MOST PROMINENT PAPERS
One of this paper’s goals is identifying the most influential
papers on event-based control. For that, we have adopted the
h-index approach by Martínez et al. [30] to characterize the
area’s citation classics [31].
The h-index was developed by Hirsch [32] to measure

with a single indicator both the productivity and impact of a
scholar. A researcher has index h if she has published h papers
that have been cited at least h times. Analogously, a research
area has index h if h papers have been published in the area
that have been cited at least h times. As a result, the top h
papers of a research area constitute its citation classics.

An article may sometimes appear in both databases WoS
and Scopus with different citation counts. For those cases,
we have considered the maximum count, as recommended in
other bibliometric analyses [28], [33].

IV. RESULTS AND DISCUSSION
A. OVERALL HISTORICAL REVIEW
The basic idea of event-based control is to take into account
the process state to decide when to execute the control and
sampling tasks. Although this idea appears in the adaptive
sampling popularized in the 60s and 70s [34], [35], it was the
increasing interest on wired and wireless networked control
systems, together with the potential advantages of applying
event-based techniques over them, in terms of energy, com-
putational and bandwidth savings, what caught the attraction
of researchers at the beginning of this century.

To facilitate the comprehension regarding how the
event-based control literature has grown over time, Figure 2
depicts the number of papers published per year since the
publication of the Årzén’s [2] and Åström et al.’s [3] works.
It is worth noting that some other papers explored different
aperiodic control strategies before and after them, such as
the aforementioned adaptive sampling, non-uniform sam-
pling [36], controlled communication [37] or intermittent
control [38], and even the term ‘‘event-based’’ was used
before in the context of discrete event specified systems [39].
Nevertheless, [2] and [3] are the first articles that show the
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FIGURE 2. Number of published papers over time.

potential benefits of the event-based control, especially for
NCSs, and for these reasons, they are the starting point of our
analysis.

It can be observed that, after an inception period where first
theoretical frameworks were proposed (e.g., [22], [23], [40],
[41]), the research literature has increased dramatically up to
nowadays. The red bars in Figure 2 highlight the following
milestones:

• Seminal papers on event-triggered control: Årzén.
‘‘A simple event-based PID controller’’, 1999 [2], and
Åström andBernhardsson. ‘‘Comparison of periodic and
event based sampling for first order stochastic systems’’,
1999 [3]. The first article [2] can be considered the paper
that introduces first the concept of event-based control in
the context of saving resources in a digital control loop.
The authors present an event-based implementation of a
PID controller over a two-tank system with a substantial
reduction in the number of measurements. However,
the potential benefits of its usage in networked environ-
ments and distributed systems is already commented in
the introduction, and the problems that face event-based
control such as the lack of stability theory, proper design
methods, and the impact of noise over the number
of samples are also identified. The second paper [3]
compares analytically (in terms of closed loop variance
and sampling rate) the performance of event-based and
periodic sampling for a first order stochastic system
with impulse controller, showing the improvements that
event-based sampling can achieve. However, the results
are limited to the aforementioned class of system and
the authors comment on the difficulty of extending the
results to a general case.

• Self-triggered : Velasco et al. ‘‘The self triggered task
model for real-time control systems’’, 2003 [21]. This
paper introduces the idea of self-triggering as a way
of optimizing control performance and computing
resources jointly. The authors propose a method that
estimates the next sampling instant based on the current
state (using a nonlinear function) and the utilization
factor of the processor. The main issues of the work
are the analysis and the design of the control law that
can support this sampling policy and the vulnerability to
disturbances, since the controller is not aware of what
happens in the inter-sampling times. Later, in 2008,
two papers formalized the idea of self-triggered control,

where analytical expressions of how to compute the
sampling instants are provided [42], [43].

• Non-linear : McCann et al. ‘‘A new multisensor network
for collision avoidance and jackknife prevention of artic-
ulated vehicles using Lebesgue sampling’’, 2005 [44].
The paper proposes Lebesgue sampling (also known
as send on delta sampling) for a sensor network of
accelerometers and gyroscopes in charge of monitor-
ing the state of a truck for safety reasons. The work
shows that such sampling method increases the speed
of response, for instance, in case of a rapid braking or a
lane change are required to avoid a collision, and there
exists an experimental validation. However, though a
nonlinear model for the truck is considered, there is no
supporting theory to derive the stability bounds or to
design the Lebesgue sampler. From an analytical point
of view, the first paper that deals with event-triggered
control for nonlinear systems is [22], which is the most
cited article in the field, since addresses for the first
time several aspects that are crucial in the theory of
event-based control such as existence of lower bounds
for the interexecution times.

• Discrete-time systems: Bao et al. ‘‘Encoder-decoder
design for event-triggered feedback control over band
limited channel’’, 2006 [45]. This paper introduces the
use of a discrete-time model for the system, since
the objective is to minimize a design criterion, e.g.,
a quadratic cost over a finite horizon. Thus, the use of
such discrete models is common in networked control
systems where there exists an optimization function, for
instance, in model predictive controllers [46], or when
there are any kind of iterative processes, such as receding
controllers or estimation across the network [47].

• Distributed : Mazo et al. ‘‘On event-triggered and
self-triggered control over sensor/actuator networks’’,
2008 [48], and Wang et al. ‘‘Event-triggered broad-
casting across distributed networked control systems’’,
2008 [49]. The first paper presents an event-triggered
strategy in which each node uses its local informa-
tion to determine when to make a transmission and a
self-triggered strategy in which the actuator node deter-
mines for how long the sensing nodes should sleep
before collecting and transmitting fresh measurements.
The fact that each node handles only local informa-
tion involves a change of paradigm in the event-based
control. However, the proposed algorithm requires to
reconstruct the state and the control signal of the overall
system by means of an algorithm called Tree Wave,
which introduces delays in the system. This issue was
addressed in subsequent work [50]. The second paper
presents a distributed event-triggered communication
strategy for linear interconnected systems and proofs of
the exclusion of Zeno behavior are given. The results are
extended to a more general setup in [51].

• Periodic event-triggered : Heemels et al. ‘‘Periodic
event-triggered control based on state feedback’’,
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FIGURE 3. Most prolific countries and research centers over time.

2011 [52]. This paper addresses for the first time the
problem of the practical implementation of continuous
event-triggering (continuous monitoring of signals is
required) but without ignoring that the system dynamics
is still continuous. Then, the triggering mechanism is
only checked at discrete instants of time specified by a
period, and the event times are only a subset of those,
hence, avoiding by design the occurrence of Zeno behav-
ior. This paper started a new research line in which the
rate at which the event condition is checked becomes
part of the design of the event-triggering policy. A dif-
ferent approach that yields to a similar design was also
published in 2011 [53], where the theory of time-delay
systems is applied. This will be commented in detail in
the next section.

Table 1 lists the all-times most influential papers on
event-based control. Note that excluding [2], [3], [21], [25],
[40], the rest of the papers have been published in the last
decade, once the theory on event-based control was estab-
lished. This fact can also be noticed when looking at Figure 3,
where the number of publications per institution is depicted

over time. Note that from 2004-2008 to 2009-2013 the aver-
age of publications for the most prolific institutions was
multiplied by 5, approximately. Regarding the geographic
localization, Figure 3 illustrates how the leading institu-
tions have moved in the last five years from Europe and
North-America to China, since 7 out of 10 of the most prolific
institutions were Chinese in 2014-2018.

Figure 4 shows themost prominent journals on event-based
control. Most of them belong to the category ‘‘Automa-
tion & Control Systems’’ of the Journal Citation Reports
(JCR). However, there exists a group that belongs to the
area of computer science (information systems or arti-
ficial intelligence), in which the number of publications
on the topic of event-based control has increased in the
last years, when other strategies, such as neural networks
or fuzzy logic, for example, have been applied to solve
the problem of event-based control of (mainly) nonlinear
systems. A third and reduced group of journals belongs
to other engineering categories such as mechanical or
multidisciplinary engineering, with a strong mathematical
component.
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TABLE 1. Citation classics (the h-index is 79). TABLE 1. (Continued.) Citation classics (the h-index is 79).
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TABLE 1. (Continued.) Citation classics (the h-index is 79).

FIGURE 4. Journals that have published the highest number of articles.

FIGURE 5. Number of authors per year.

Figure 5 depicts the number of authors per year. Each
node accounts for a highly cited author. There is an edge
linking two nodes when the corresponding researchers have
co-authored some paper. Node size and edge thickness
are proportional to the number of author’s citations and
co-authored articles, respectively. Colors distinguish the
authors’ collaboration networks identified with the Leiden
clustering algorithm [116]. Authors appear every year catego-
rized into three groups: color blue represents those sporadic
authors that have published only one article in a given year,
color orange depicts the moderate authors that have published
two papers, and finally color green represents those prolific

authors that have published three or more articles in the
year.

Figure 6 represents the 5% most cited authors of the paper
sample described in Section III-B. Each author is represented
by a node, whereas the links represent the papers that two
authors have in common. Node size and edge thickness are
proportional to the number author’s citations and co-authored
articles, respectively. Note that the graph is not entirely
connected, since there are some isolated authors/groups of
authors. Nevertheless, more than 85% of the researchers
correspond to the main component of the graph. Regarding
the main component of the graph, seven authors’ collabo-
ration networks have been identified. Regarding European
researchers, Swedish and Dutch Schools lead the two exist-
ing networks, and the most prolific authors are Professors
Paulo Tabuada, Karl. H. Johansson, Maurice Heemels and
Dimos V. Dimarogonas. The other five networks are basically
headed by Chinese (or of Chinese origins) scientists (exclud-
ing the network colored in pink), some of them are in the
list of the Most Cited Researchers developed for Shanghai
Ranking’s Global Ranking of Academic Subjects 2016 in
the area of Electrical and Electronic Engineering, such as
Professors Qing-Long Han and Zidong Wang.

B. TIMING
By timing, we understand the different ways of how the
instants of transmissions are computed. In our analysis,
wee have focused on event-triggered and self-triggered
approaches. Inside event-triggered, we distinguish between
continuous and discrete schemes.

In Figure 7, we can observe that the event-triggered strate-
gies have been much more studied than the self-triggered
ones. This is mainly caused because of the ease to design
event-triggered schemes, while self-triggered strategies are
usually more dependent on the model of the system, and thus
theoretical results, such as stability analysis, might be more
difficult to be obtained. Therefore, even when self-triggered
approaches can produce adequate results in terms of reduc-
ing the waste of computation and transmission resources,
it has attracted less attention. We also note that the con-
tinuous event-triggered schemes are prevailing to the dis-
crete ones, but in the last years, the distance has been
reduced.

Table 2 shows the citation classics for the different
approaches. The last column in Tables 2-4 follows the nota-
tion [reference]number of citations; e.g., [22]1484 means that ref-
erence [22] has been cited 1,484 times. In Table 2, we can
highlight some important papers. [25] is one of the first
articles on event-based control; it establishes a comparison
between Riemann (periodic) and Lebesgue sampling, show-
ing the benefits of event-based control. As [2], it ventures
the necessity of a theory for event-based sampling analo-
gous to the one for periodic sampling. The basis of this
theory is established in [22], which is the most cited paper
of event-based control. In [22], conditions for global expo-
nential stability of nonlinear event-triggered control systems
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FIGURE 6. Top 5% cited authors.

FIGURE 7. Number of papers per year, distinguishing between their
timing modalities.

are provided. In addition, minimum inter-event time is guar-
anteed even in the presence of delays with the proposed
event-triggering conditions. These results are also partic-
ularized for linear systems. In this category, some of the
most important papers for distributed systems are considered.
In [55], the effect of disturbances in the performance of
the event-based control loop is studied and it is shown the
benefits of increasing and decreasing the frequency of the
transmissions of information depending on the disturbances.

[51], [54], [56] are key papers for the development of dis-
tributed systems and are analyzed in that category.

In the discrete event-triggered category, we consider
event-triggered control of discrete-time systems, but also
continuous frameworks with a periodic verification of the
event-triggering condition, the so-called PETC. In this
regard, [57], [65] propose the theory of time-delay systems
to study systems with PETC and obtain a method not only
to guarantee the stability but also to design the feedback
gain. On its behalf, [60] extends the results of the semi-
nal paper [52] to consider output-based decentralized PETC
using three different approaches: impulsive systems, piece-
wise linear systems and perturbed linear systems. In [64],
a similar analysis is developed but considering a model-based
controller.

Concerning the self-triggered approach, the most promi-
nent paper, excluding the tutorial [1], is [58], where the first
theoretical formalism of self-triggered control for nonlinear
systems is provided. In [41], the L2 stability is proved for
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TABLE 2. Citation classics according to the timing’s categories.

FIGURE 8. Number of papers per year, considering their global objective.

systems sampled with a self-triggering scheme. These
schemes are improved for linear systems in [67].

C. OBJECTIVE
This section examines the papers according to their primary
objective. In Figure 8, we can observe that most of them are
devoted to solving control problems. However, it is essential
to remark that we have focused our attention on pure con-
trol and estimation problems, but papers centered on signal
processing are not considered. In addition, very few papers
are focused on the design of protocols and architectures for
event-based control systems.

Within the control problem (Figure 9), several approaches
can be considered depending on the type of used controller.
State-feedback controllers are naturally the most common in
the literature since they simplify the theoretical analysis and
the implementation. When some states are not available to
compute the control input, output-feedback controllers are

FIGURE 9. Number of papers per year, considering their specific control
approach.

considered. Hence, output-feedback controllers are a more
realistic approach in terms of an actual implementation.
For that reason, the extension of state-feedback results to
output-feedback is common in the literature.

Nevertheless, this extension is not straightforward. For
example, Zeno behavior may appear using quadratic trigger-
ing conditions [84]. It is noticeable that other approaches
have attracted attention in the last years while PID and
model-based/predictive controllers maintained stable (or
even decreased). One of the reasons is the effort of the com-
munity to extend the results to nonlinear systems, for which
PID and model-based/predictive controllers are not so useful,
and new approaches are needed.

Each objective’s citation classics are presented in Table 3.
The most cited paper on PID control corresponds to the
seminal paper [2]. In [104], an event-based PID controller is
designed together with a wireless sensor network for green-
houses. This work is one of the first to bring event-based
strategies close to real applications. [131] studies the load fre-
quency control for power systems. As [104], it has an applied
orientation of the event-triggered control. [100] extends the
results presented in [55]. Even when it is not completely
devoted to PID control, the proposed formalism can be
applied to it, and indeed, the experimental results are obtained
using a batch reactor controlled by a PI controller.

State feedback controllers (and their extension to output
feedback) are clearly the most used in the literature, and
hence, the most cited papers practically correspond to the
most cited papers in Table 2. Excluding the papers already
analyzed in the previous section, we can highlight [23],
which is one of the first articles that derives a formal analy-
sis for event-based controllers. Concerning output feedback
control, the first paper that formally analyzes the stability
of output-based controllers is [59] (and its preliminary ver-
sion [99]). Also, in [59] the ETC system is modeled as
an impulsive system (this approach would be used later in
PETC).

The most cited paper devoted to model-based control
is [62], where a model-based event-triggered controller is
proposed subject to quantization and time-varying delays. So,
it is the first paper that takes into account common issues
of networked control systems within the theoretical formal-
ism of model-based controllers. As aforementioned, periodic
event-triggered model-based control is developed in [64].
In [88], the model predictive control with event-triggered
communication is extended to nonlinear systems.
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TABLE 3. Citation classics according to the objective’s categories.

The category of other control approaches includes
event/self-triggered schemes specifically designed for con-
trollers different from the most common ones. For example,
an impulsive control is designed in [3], [25]. In [112], [122]
optimal event-triggered controllers are studied. Sontag’s Uni-
versal Formula is used within the perspective of event-based
control in [117]. Adaptive control under event-triggered com-
munication is studied in [208]. Ternary controllers [159],
sliding-mode control [212] and many others are proposed
in an event-triggered framework. However, the results for
self-triggered are much more limited, which can be an inter-
esting and unexplored research field. Note also that papers
like [21], [209] consider control inputs in their scheme, but
the design of the controller is left open. Therefore, they are
included in this category.

Traditionally, the estimation problem has received less
attention than the control under the perspective of the
event-based approach. However, several papers have proved
its potential to improve the estimation results. In [47], it is
shown how the event-triggering threshold provides a trade-off
between communication rate and estimation quality. In [87]
and [73], an event-based H∞ filter is proposed to save com-
munication resources while the quality of the estimation is
maintained. This approach is extended to the distributed case
in [80].

Architectures and communication protocols have received
limited attention compared to control and estimation prob-
lems. In spite of that, it is necessary to establish these pro-
tocols to bring the advantages of event-based control to real
cases. In this sense, [40] compares periodic and send-on-delta
sampling and studies the communication bandwidth and data
acquisition requirements. [90] is the first paper that analyzes
the system performance of an event-based controller under
different medium access control protocols, showing that the
best results are obtained using a Carrier Sense Multiple
Access.

D. OTHER CATEGORIES
This section discusses other categories neither included in
timing nor objective. In Table 4, we can observe a high overlap
between distributed and multi-agent systems, which makes
sense as multi-agent systems are the natural application field
of distributed control. So, [54] is the basis for distributed
multi-agent systems, since it proposes frameworks for cen-
tralized and distributed event-triggered, and self-triggered
approaches for linear systems. In [56], the ideas of the pre-
vious paper are extended to a more complex case (the agents
do not know the consensus point), and more realistically
implementable (the continuous monitoring of neighbors is
not required and absence of Zeno behavior is proved). In [51],
distributed event-triggered control is addressed for nonlinear
systems.

In nonlinear systems, the most cited papers correspond
to those where theoretical frameworks are established, such
as [22], [50], [51] for event-triggered control, [58] for
self-triggered control or [97] for event-triggered estimation.
Other papers, as [71], transform the nonlinear system into
a Takagi-Sugeno fuzzy system to be able to apply the tech-
niques developed for linear systems. PETC has also been
studied for nonlinear systems since the seminal paper [255],
but considerably less than for linear systems. Classical prob-
lems like time-delays or quantization have not been studied
enough, and many nonlinear processes do not fit in the cur-
rent theoretical frameworks. Therefore, this is still an open
research line.

According to Table 4, experimental results are scarce in
the literature. In general, we can observe two types of papers
in this category: theoretical ones whose contributions are
supported by experimental results in academic examples, and
articles that show event-based control working on real indus-
trial processes. In the first group, we can highlight (i) [83],
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TABLE 4. Citation classics concerning other minor categories.

where PETC is applied to singular systems with delays and
quantizations, and it is tested on an inverted pendulum on
a cart; (ii) [108], where event-triggered predictive control is
applied to a servo system; (iii) [247], where an event-based
estimation algorithm is experimentally tested, and (iv) [167],
where the benefits of self-triggered control in a communica-
tion network are studied. In an intermediate point between the
two groups, we may consider [120] where the experimental
results are carried out on a pilot chemical plant of 8 tanks.
Finally, we can observe than industrial cases are even more
scarce. In [197], event-based predictive control is applied to a
greenhouse to minimize the actuation and reduce production
costs. A similar idea is applied in [200] to reduce the mainte-
nance cost of a photobioreactor plant.

E. CATEGORY COVARIATION
This section analyzes the covariation among the different
categories; only the comparisons where there is a significant
variation will be discussed.

In Figure 10, we observe the percentage of publications
that address control or estimation problems versus the tim-
ing used. Naturally, the majority of the papers consider
an event-triggered approach independently of the objective.
However, it is noticeable that the percentage of articles
devoted to self-triggered estimation is much more reduced
(only 2.5%), so this may be an interesting field for future

FIGURE 10. Covariance of objective and timing.

FIGURE 11. Covariance of distributed and multiagent.

FIGURE 12. Covariance of objective and distributed/multi-agent.

research. Within the event-triggered strategy, the continuous
event-triggered approach represents 70.9% of the control
papers, while the discrete event-triggered approach represents
74.5% of the estimation articles. These results are foreseeable
since discrete models are more common in filters and estima-
tors.

In Figure 11, we can observe the correlation between dis-
tributed and multi-agent systems. Practically all multi-agent
systems (92.8%) consider distributed control. Despite that,
30.6% of papers dedicated to distributed systems are not
targeted for multi-agent systems. These papers are mainly
devoted to wireless sensor/actuator networks, large-scale sys-
tems, and other systems where there is an exchange of
information.

Not only there is a larger production of papers dedicated
to distributed systems than to multi-agent systems, but also
there are differences in their objectives. Figure 12 displays
the objective of the papers versus distributed and multi-agent
systems categories. In both cases, distributed control has been
studied more than estimation. However, this difference is
even more substantial in multi-agent systems, where only
7.5% of the papers study estimation problems in multi-agent
systems.
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FIGURE 13. Covariance of distributed and event-triggered/linearity/results.

FIGURE 14. Present and future.

In Figure 13, the last bunch of comparisons is depicted.
We can note that discrete event-triggered schemes are less
common in distributed systems. Similarly, nonlinear dis-
tributed systems have been studied less frequently than linear
systems. Finally and as mentioned above, there is a lack
of experimental results, being this deficiency particularly
pronounced in distributed systems, where only 2.7% of the
articles report any type of empirical validation.

In general, these figures allow us to confirm that there
are several areas in event-based control that have not been
exploited yet, remarkably in distributed systems, since many
of the problems have been solved only for the centralized
case.

F. PRESENT AND FUTURE
As Figure 2 shows, the production of papers on event-based
control has undergone exponential growth in the last years.
46.24% of all papers have been published in the last two
years. This has a clear foundation. The new paradigm created
by the networked control systems and the cyber-physical
systems attracted the attention to the event-based control,
especially in the last decade. Once the general framework was
established, and once it was proved that the event-based con-
trol could produce important benefits in this new paradigm,

it was needed to translate all the well-established control
theory of continuous systems and periodic discrete systems
to consider aperiodic transmissions of information.

For these reasons, we note that more complex frameworks
and problems have started to be considered in the last years.
So, while continuous state event-triggered control for linear
systems is the most common topic in the historical review,
discrete schemes, nonlinear systems and other control meth-
ods have closed the gap in the last years, as we can see
in Figure 14, and also in the temporal evolution depicted
in Figures 7 and 9.

Looking at Table 5 with the top 2% cited papers in the
last two years, without considering the two overviews [10],
[86] as they refer to past articles but are not research papers
itself, we note that 75% of the papers consider a discrete
framework, which is a sign of the importance that these
schemes have achieved. In spite of that, the natural absence
of Zeno behavior in discrete-time systems, which facilitates
the theoretical development in some cases, might also be a
reason for the increment in the number of papers in this topic.
Concerning the objective of the papers, we can observe that
75% of the articles are devoted to controlling problems, while
the rest are dedicated to estimation problems, so the historical
tendency is maintained over the last years.
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TABLE 5. Top 2% cited papers in the last two years.

It is also important to mention that 40% of the papers
consider nonlinear systems, which is a remarkable growth
with respect to the historical review. This is a logical step
in the evolution of event-based control, since many of the
techniques developed for linear systems need to be extended
to nonlinear systems to be applied in many fields, such as
robotics, autonomous vehicles or industrial processes. This
drift to nonlinear systems also has an impact on control strate-
gies. While 53% of the papers present still a state-feedback
controller, other approaches are attracting more and more
attention, as shown in Figure 14.
Table 5 also shows that every top 2% cited papers

consider event-triggered control, while none is devoted to
self-triggered control. This reveals the upward trend of

event-triggered control, while self-triggered control is com-
paratively halted. It is known that self-triggered control
schemes are harder to design, especially for nonlinear sys-
tems, since it is necessary to estimate when the next event will
be triggered. This might be a sign not only of why researchers
have focused on event-triggered control, but also of that the
research in self-triggered control might not be halted because
the topic is exhausted, and that groundbreaking advances
may produce a blow-up similar to the experimented by the
event-triggered control.

Remarkably, none of the top 2% cited papers present exper-
imental results. On the one hand, experimental results are
pretty scarce in general, as aforementioned in the historical
review. On the other hand, papers with experimental results
are generally focused on a specific system or process, which
makes them less citable than general theoretical papers.

Concerning multi-agent systems, all of them consider dis-
tributed control strategies, which is logical in the sense that
many distributed solutions have already been proposed in
the literature, and consequently, a centralized scheme might
be seen as a step back. From Table 5, the 30% consider
distributed schemes, which is consistent with the data from
the historical review. Nevertheless, we have to take into
account that normally the advances are produced for a central-
ized scheme, and after that, extended to the distributed case.
Therefore, it is expectable that this percentage grows up when
researchers start extending the aforementioned recent results
for nonlinear systems and discrete event-triggered control to
distributed multi-agent systems.

V. CONCLUSION
Since the first articles published in 1999, and as a result of its
proved benefits for NCSs, the production of scientific papers
on event-based control has grown dramatically, covering not
only many classical problems in control theory, which only
have been studied under continuous or periodic sampling,
but also new challenges intrinsically related to NCSs, such
as bandwidth limitation, transmission delays or cyberattacks.

Using a systematic methodology, 2,299 papers on
event-based control have been analyzed to uncover the
main motivations and researched themes, together with their
interrelations. As a result, important open-problems and
research gaps have been detected, being particularly serious
the scarcity of actual industrial applications that empirically
prove the potential benefits of event-based control. Addi-
tionally, and to facilitate browsing the available literature,
we have identified the most influential articles, authors,
institutions, and journals.
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