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INVITED
PAPER

Taking the Human Out of the
Loop: A Review of Bayesian

Optimization

The paper introduces the reader to Bayesian optimization, highlighting its methodical

aspects and showcasing its applications.

By BoBak SHAHRIARI, KEVIN SWERSKY, Z1vU WanG, RyaN P. Apams, aAND NANDO DE FREITAS

ABSTRACT | Big Data applications are typically associated with
systems involving large numbers of users, massive complex
software systems, and large-scale computing

into physical and social phenomena, engineers design
machines to execute tasks more efficiently, pharmaceutical

and storage architectures. The construction of such systems
involves many distributed design choices. The end products
(eg.
time game engines, speech recognizers) thus invalve many
tunable configuration parameters. These parameters are
often specified and hard-coded into the software by various
developers or teams. If optimized jointly. these parameters

recommendation systems, medical analysis tools, real-

hers design new drugs to fight disease, companies
design websites to enhance user experience and increase
advertising revenue, geologists design exploration strate-
gies to harness natural resources, environmentalists design
sensor networks to monitor ecological systems, and
developers design software to drive computers and
electronic devices. All these design problems are fraught
with choices, choices that are often complex and high
i I, with interactions that make them difficult for

can result in si . Bayesian

is a powerful toal for the ]mnt aptimization of design choices
that is gaining great popularity in recent years. It promises
greater automation so as to increase both product quality and
human productivity. This review paper introduces Bayesian
optir tion, highlights some of its ical aspects,

individuals to reason about.

For example, many organizations routinely use the
popular mixed integer programming solver IBM ILOG
CPLEX' for scheduling and planning. This solver has 76 free

and showcases a wide range of applications.
KEYWORDS | Decision making: design of experiments: optimi-

zation; response surface methodology; statistical learning

I. INTRODUCTION

Design problems are pervasive in scientific and industrial
endeavours: scientists design experiments to gain insights

which the designers must tune manually—an
overwhelrming nutmber to deal with by hand. This search space
is too vast for anyene to effectively navigate.

More generally, consider teams in large companies that
develop software libraries for other teams to use. These
libraries have hundreds or thousands of free choices and
parameters that interact in complex ways. In fact, the level
of complexity is often so high that it becomes impaossible to
find domain experts capable of tuning these libraries to
generate a new product.
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SECTION IX.
CONCLUDING REMARKS

In this paper, we have introduced Bayesian optimization from a modeling perspective. Beginning
with the beta-Bernoulli and linear models, and extending them to nonparametric models, we
recover a wide range of approaches to Bayesian optimization that have been introduced in the
literature. There has been a great deal of work that has focused heavily on designing acquisition
functions; however, we have taken the perspective that the importance of this plays a secondary

role to the choice of the underlying surrogate model.

In addition to outlining different modeling choices, we have considered many of the design
decisions that are used to build Bayesian optimization systems. We further highlighted relevant
theory as well as practical considerations that are used when applving these techniques to real-
world problems. We provided a history of Bayesian optimization and related fields and surveyed
some of the many successful applications of these methods. We finally diseussed extensions of the
basie framework to new problem domains, which often require new kinds of surrogate models.

Although the underpinnings of Bayesian optimization are quite old, the field itself is undergoing a
resurgence, aided by new problems, models, theory, and software implementations. In this paper,
we have attempted to summarize the current state of Bayesian optimization methods; however, it is
clear that the field itself has only seratched the surface and that there will surely be many new
problems, discoveries, and insights in the future.
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modulation (IM) technique for coordinate interleaved orthogonal designs (CIOD).
Utilizing the diversity gain of CIOD transmission, the proposed scheme, named CIOD-IM,
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the eavesdropper. We derive expressions of the ergodic secrecy rate and the theoretical
bit error rate upper bound. In addition, we analyze the case of imperfect channel
estimation by taking practical concerns into consideration. It is shown via computer
simulations that the proposed scheme outperforms the existing IM-based schemes and
might be a candidate for future secure communication systems.
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