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AN INTRODUCTION TO THE SPECIAL ISSUE

Into the Second Century of 
Extremum Seeking Control
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T
he early promise of extremum seeking control 
(ESC) was alarmingly simple: perturb, observe, 
and adjust. Yet, behind this simplicity lay a subtle 
question that would occupy the community for 
decades: Why does it work? The emergence of rig-

orous stability and convergence proofs around the turn of 

the millennium transformed ESC from an ingenious trick 
into a reliable method. With that transformation came con-
fidence, and with confidence came adoption. Today, ESC 
is deployed across chip manufacturing, wind and photo-
voltaic energy systems, mobile robotics, bioengineering, 
acoustic control, noncooperative games, neuromuscular 
electrical stimulation, biological reactors, oil drilling, addi-
tive manufacturing, and traffic flow optimization for urban 
mobility, among many others.
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What distinguishes ESC from many contemporary data-
driven and learning-based approaches is not merely its 
model-free character but the nature of its guarantees. ESC 
does not rely on large offline datasets nor does it defer per-
formance assurances until after extensive retraining. 
Instead, it operates online, in a closed loop, and comes 
equipped with quantifiable convergence and robustness 
properties that speak directly to the language of control. In 
an era captivated by machine learning, ESC reminds us 
that learning, optimization, and stability need not be 
traded off against one another.

Recent years have witnessed an acceleration of theoreti-
cal and practical developments that have expanded the 
scope of ESC far beyond its original formulations. Exten-
sions to systems with delays, infinite-dimensional dynam-
ics governed by partial differential equations, stochastic 
and nonsmooth dynamics, and hybrid architectures com-
bining continuous-time physics with discrete-time decision 
making have opened new territories for real-time model-
free optimization. These advances are not incremental; they 
represent qualitative shifts that position ESC as a central 
tool for complex cyberphysical systems.

Against this backdrop, the present special issue has an 
ambitious but deliberately focused goal: to provide the 
IEEE Control Systems readership with a coherent snapshot 
of high-momentum directions in extremum seeking 
research and application. Rather than attempting a com-
prehensive survey—a task that would be both monumental 
and quickly outdated—we have curated a set of tutorial-
style contributions that emphasize insight, perspective, 
and connection. Our hope is that readers new to ESC will 
find clear entry points into the field, while experts will dis-
cover resonances across theory and practice.

The first two articles in this special issue focus on theory. 
The first [A1], by Tiago Roux Oliveira, Miroslav Krstić, and 
Tamer Basar, surveys extremum and Nash equilibrium 
seeking for systems with delays and partial differential 
equations, tracing the evolution of ESC from finite-dimen-
sional settings to networks of distributed infinite-dimen-
sional agents. The second [A2], by Jorge I. Poveda and 
Andrew R. Teel, addresses extremum seeking in hybrid 
dynamical systems, where continuous-time dynamics 
intertwine with discrete events, logic, and decision making.

Complementing these theoretical contributions are 
two application-oriented articles. One [A3], by Mouha-
cine Benosman, illustrates how ESC has been translated 
into robust industrial solutions, from electromagnetic 
brakes to fluid dynamic systems, demonstrating the 

method’s ability to survive—and thrive—in demanding 
operational environments. The other [A4], by Alexander 
Scheinker, explores the emerging synergy between extre-
mum seeking and deep generative learning, showing 
how ESC can enhance the robustness of machine learn-
ing-based controllers for time-varying systems, with par-
ticle accelerators providing a compelling case study.

Mirroring the four technical articles, the cover artwork 
of this special issue follows a Warhol-meets-Kurosawa 
(Rashomon) rationale: four colorful variations of a single 
image, symbolizing four distinct perspectives on ESC—dif-
ferent viewpoints on the same underlying idea. In essence, 
extremum seeking is not about knowing the mountain but 
about learning how to climb to its peak.

Taken together, the articles in this special issue portray 
a field that is both mature and restless: mature in its ana-
lytical foundations yet restless in its pursuit of new prob-
lem classes and technological frontiers. If the first century 
of extremum seeking was devoted to discovering and jus-
tifying its core ideas, the second century promises inte-
gration, with hybrid systems, games, infinite-dimensional 
dynamics, and modern learning architectures.

We hope that this special issue will serve not only as a 
reference but also as a catalyst. By gathering diverse per-
spectives in one place, we aim to encourage cross fertiliza-
tion among communities and inspire new collaborations 
across disciplines and continents. Extremum seeking 
began as a practical response to uncertainty. Its future, we 
believe, lies in embracing complexity without relinquish-
ing the rigor that has brought it this far.
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A century after its invention and a quarter century after 

the first rigorous convergence proofs, ESC stands as 

one of the most enduring and quietly transformative ideas 

in control. Born from the practical need to optimize systems 

whose models are uncertain, incomplete, or altogether 

unavailable, ESC has matured from heuristic beginnings 

into a principled framework for real-time optimization of 

dynamic systems. This special issue of IEEE Control Sys-

tems marks not only a historical milestone but also a turning 

point: an invitation to look forward, into the second century 

of extremum seeking.

In an era captivated by machine learning, ESC reminds us that learning, 

optimization, and stability need not be traded off against one another.
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