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ABSTRACT
Robotics has dramatically increased our ability to gather
data about our environments, creating an opportunity for
the robotics and algorithms communities to collaborate on
novel solutions to environmental monitoring problems. To
understand a taxonomy of problems and methods in this
realm, we present the first comprehensive survey of decision-
theoretic approaches that enable efficient sampling of various
environmental processes. We investigate representations for
different environments, followed by a discussion of using
these presentations to solve tasks of interest, such as learning,
localization, and monitoring. To efficiently implement the
tasks, decision-theoretic optimization algorithms consider:

Yoonchang Sung, Zhiang Chen, Jnaneshwar Das and Pratap Tokekar (2023), “A
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ing”, Foundations and Trends® in Robotics: Vol. 11, No. 4, pp 225–315. DOI:
10.1561/2300000073.
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2

(1) where to take measurements from, (2) which tasks to be
assigned, (3) what samples to collect, (4) when to collect
samples, (5) how to learn environment; and (6) who to
communicate. Finally, we summarize our study and present
the challenges and opportunities in robotic environmental
monitoring.
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1
Introduction

Environmental monitoring is a crucial field encompassing diverse appli-
cations, including marine exploration, wildlife conservation, ecosystem
assessment, and air quality monitoring. Collecting accurate and timely
data from inaccessible locations and challenging environments is es-
sential for understanding and addressing environmental issues. Robots
offer a promising solution by enabling data collection at unprecedented
spatio-temporal scales. However, relying solely on teleoperation is im-
practical and limits the efficiency and effectiveness of environmental
monitoring efforts. Autonomy plays a pivotal role in unlocking the
full potential of robots, allowing them to operate independently and
intelligently in complex environments.

This survey focuses on high-level decision-making problems in au-
tonomous environmental monitoring robots. Decision-making at the
high level involves strategic planning and coordination to optimize data
collection. Addressing these challenges allows robots to autonomously
navigate, explore, and gather scientific data in a wide range of environ-
mental monitoring applications.

Despite the potential benefits of autonomous environmental moni-
toring, several research challenges must be overcome. The first challenge

3
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4 Introduction

lies in the development of effective high-level decision-making algorithms
capable of handling environmental complexities and uncertainties within
resource constraints. These algorithms enable robots to make informed
decisions on task prioritization, sensor selection, path planning, and col-
laboration with other robots or human operators. Additionally, ensuring
the robustness, adaptability, and scalability of decision-making systems
is critical and challenging for real-world deployments. This survey delves
into the current state-of-the-art decision-making algorithms, compares
their strengths and limitations, and discusses their applicability to envi-
ronmental monitoring, aiming to shed light on the progress made and
highlight the open research problems in this field.

By focusing on high-level decision-making, this survey aims to pro-
vide insights and understanding for researchers and practitioners in
the field of autonomous environmental monitoring robotics. The knowl-
edge gained from this survey can guide the development of advanced
decision-making techniques, paving the way for more effective and effi-
cient environmental monitoring efforts and contributing to the broader
goal of sustainable resource management and conservation.

Environmental monitoring encompasses a wide range of applications.
Despite the diversity of these applications, many decision-making prob-
lems share common characteristics. For example, robotic systems in
environmental monitoring applications face complex decision-making
challenges, requiring high-level planning to optimize resource utiliza-
tion and data collection. Effective decision-making in these scenarios
requires abstractions to model these environments and formulate ef-
ficient solutions. By identifying these commonalities, we can uncover
general principles and techniques that can be adapted and applied
across different environmental monitoring applications.

Particularly, we focus on three typical decision-making tasks in the
scientific studies of environmental monitoring. First, environmental
scientists wish to efficiently learn representations for environmental
processes. Second, they want to localize phenomena such as hotspots
using these representations. Third, they want to monitor change in
the phenomena, e.g., movement in the boundary of an oil spill and
the change in tree canopy size through a season. This survey presents
a comprehensive survey of environmental monitoring, covering data-

Full text available at: http://dx.doi.org/10.1561/2300000073



1.1. Related Surveys 5

driven algorithms geared towards deployment on cyber-physical systems,
such as wireless sensor networks and networked robotic vehicles. This
serves as a tutorial for engineers and scientists who are interested in
applying information theoretic algorithms to maximize the yield of
scientific studies. This objective is particularly necessary in the context
of field data collection that can be dramatically improved by the choice
of efficient robotic sampling strategies.

1.1 Related Surveys

We compile related survey papers that discuss autonomous monitoring
applications. Corke et al. (2010) review environmental and agricultural
applications utilizing wireless sensor networks. Camilli et al. (2010)
conduct an overview of advanced platforms, power generation, commu-
nications, and sensing technologies for marine environmental monitoring.
An environmental monitoring survey paper by Dunbabin and Marques
(2012) introduces various sensor types, sensor network platforms, and
commonly used technologies for measuring environmental variables.
Lattanzi and Miller (2017) present a recent survey on robotic infras-
tructure inspection. Challenges in the infrastructure inspection include
the design of inspection robots, trajectory planning, and handling GPS-
denied environments. Precision agriculture (R Shamshiri et al., 2018;
Vougioukas, 2019; Sparrow and Howard, 2021; Oliveira et al., 2021a;
Basiri et al., 2022) has recently gained significant attention in robotics,
with an objective to monitor and enhance crop health by utilizing multi-
ple sources in a more efficient manner. Murphy et al. (2016) summarize
robot designs, concepts, and open issues in search and rescue for disaster
scenarios. Liu and Nejat (2013) introduce control methods in robotic
urban search and rescue, while a survey paper by Queralta et al. (2020)
focuses on multi-robot systems for search and rescue.

In contrast to the aforementioned survey papers that focus on specific
applications, our goal is to offer a comprehensive algorithmic framework
for a broad spectrum of environmental monitoring tasks. Our survey
will serve as a guideline for identifying appropriate decision-making
challenges, assumptions, and algorithmic considerations for various
applications.

Full text available at: http://dx.doi.org/10.1561/2300000073



6 Introduction

Figure 1.1: Organization of this survey. Environmental monitoring processes involve
three key aspects that must be clearly defined. First, it is essential to determine
the ideal environmental representations and their properties. Second, understanding
the type of task the monitoring process is involved in is crucial to define task
objectives effectively. Third, leveraging decision-theoretic tools from the literature is
critical for making informed decisions during environmental monitoring. This survey
provides detailed guidelines for each of these aspects to assist practical users in their
monitoring endeavors.

The remainder of this survey is organized as follows (Figure 1.1). In
Section 2, we introduce various methods of representing the environment,
which are broadly grouped into discrete and continuous approaches. In
Section 3, we present three primary tasks in environmental monitoring:
the learning, localizing, and monitoring tasks. Section 4 is the core of
this survey, where we delve into the details of various decision-theoretic
approaches based on 5W1H-driven categories. We conclude the survey
in Section 5 with a discussion on promising future directions and final
remarks.
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