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Abstract

The ability of autonomous vehicles to explore and navigate their environments has improved
greatly in recent years. However, many challenges remain to be overcome and many environ-
ments exist that present unique challenges to the problem of autonomous navigation. One such
environment is subterranean pipe networks, such as sewers. There is a necessity to inspect these
environments for maintenance purposes and, due to the di cult and time consuming nature of
manual inspections, a desire to automate the process with mobile robots. As such, the challenges
presented by subterranean pipe networks to autonomous navigation must be overcome.

This thesis contains a review of the existing research on SLAM algorithms with a focus on
their use in pipe networks. The review aims to understand the state of the art approaches to
solving the SLAM problem and how those approaches may be applied to pipe networks. The
included review also highlights the speci ¢ properties of pipe networks that present additional
challenges to SLAM algorithms that may not be encountered in more general environments.
Of those presented in the review section, the principle challenges this thesis is concerned with
stem from the relatively featureless and uniform pipe walls and the lack of communication with
external systems. These characteristics make the feature detection and matching used by most
visual SLAM algorithms di cult and the positional correction provided by systems such as GPS
impossible.

This work attempts to overcome these challenges by exploiting the predictability of land-
marks within pipe environments and the ability to know or create maps of those landmarks
prior to navigation within the pipes themselves. This is presented in two publications, the rst
of which details a method of visually recognising joints and manholes and associating them
with their known locations in a prior map to perform odometry. This approach has lead to a
navigational system able to achieve a Mean Absolute Error up to 6 times lower than a state of

the art algorithm in the same environment and which is capable of operating in environments



where the state of the art algorithm fails entirely.

The second publication presents a system of further robusti cation in full networks by rep-
resenting the results of an odometry system as a particle Iter loosely constrained to a simple
map. The system accounts for uncertainty in the path taken by the agent within the map by
instantiating multiple particle Iters representing di erent hypotheses and then assessing their
probability of being the true trajectory based on the odometry outputs and the map. This allows
the system to recover from failure and also improves the mean position and heading errors of
the original odometry system by an order of magnitude and the nal positional error by three
orders of magnitude.

These publications represent a step toward the autonomous inspection of pipe networks and
demonstrate the e ectiveness of taking non standard and more specialised approaches over more
commonly used and generalised methods when attempting autonomous navigation in uniquely

challenging environments.
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Chapter 1

Introduction

1.1 Background and Motivation

Water infrastructure receives a signi cant amount of investment and research (Government
O ce for Science, 2012) and the inspection of buried pipe networks is an important part of
maintaining that infrastructure (Rizzo, 2010). A shadowing of water company employees re-
vealed that, currently, pipes are inspected using tethered vehicles (WRC Infrastructure, 2020)
mounted with cameras and the footage is manually searched for damage and blockages. This is
a time consuming process, requiring multiple workers to visit the entirety of a network in order
to perform a complete inspection (Wirahadikusumah et al., 1998). Advances in mobile robotics,
detailed in chapter 2, have presented an opportunity to replace these manual inspections with
continuous observation of pipe networks by autonomous robots. This opportunity, however, is
not a trivial one to take. Pipe networks present many challenges that make autonomously navi-
gating in them di cult even for algorithms that show impressive results in other environments,
such as those developed for road vehicles (Aitken et al., 2021).

Two of the major challenges to the autonomous navigation of pipe networks are a lack of
environmental features, with those features that do exist exhibiting low visual diversity, and no
or limited communication with the surface (Aitken et al., 2021). However, pipe networks also
possess some exploitable aspects, such as a somewhat predictable environment with stringent
constraints on where a vehicle within the network can move (Twort et al., 2009 and Butler
et al.,, 2019). Despite only manholes being visible on the surface, the predictability of pipe

networks makes mapping them from above ground feasible (Yatim et al., 2014). It was found



CHAPTER 1. INTRODUCTION 2

during the course of this research that the connections between manholes can be modelled as
one dimensional paths and the networks are designed to allow pipe contents to ow in one
direction towards a single point, a collection of identi ed manholes can be represented as a
directed tree graph with its edges representing pipes, this is similar to map representations for
pipe localisation used in (Worley et al. 2019 and Worley et al. 2020). The exploitation of a pipe
networks ability to be represented in this way, along with the predictability of its landmarks,

forms the basis for the work undertaken for this thesis.

1.2 Aims and Objectives

The research presented in the following chapters aims to develop autonomous visual odometry
methods for pipe network navigation by leveraging prior knowledge of the environment and
exploiting the environmental features that cause conventional methods to under perform or fail.

To do this the following objectives must be met:

e Creating a representation of the environment from existing or gathered data that can be

used as a map by an autonomous agent (chapters 3, 4 and 5).

e Developing a method of identifying predictable landmarks from camera footage (chapter
3).

e Automatically reconciling detected landmarks with those held in the prior map in order

to locate the agent relative to those landmarks (chapter 3).

e Determining a path between the identi ed landmarks that accounts for the constraints
placed on movement by the environment whilst also allowing for errors in both the prior

map and the landmark detections (chapter 3 and 4).

e Robustifying the process so that an agent can reliably navigate a network of interconnected
pipes where there is uncertainty surrounding the path taken when multiple are available

(chapter 4).

1.2.1 Thesis structure

Chapter 2 presents a literature review of the wider aspects of robot localisation and mapping

for sewer and water pipes (Aitken et al., 2021).
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Chapter 3 presents the research conducted on the detection of pipe joints and manholes from
below ground using camera data and the use of those detections for odometry. This chapter
includes a summary of research conducted followed by a journal publication (Edwards et al.,
2023).

Chapter 4 presents the reconciliation of odometry data with a map prior using multiple hy-
pothesis particle Itering. This chapter includes a summary of research followed by a conference
publication (Edwards et al., 2021).

Chapter 5 contains a re ection on the work included in chapters 2 and 3 as well as a brief

outline of possible continuations of this research.

1.3 Contributions arising from the thesis

1.3.1 First author publications

1. Edwards S, Zhang R, Worley R, Mihaylova L, Aitken J and Anderson SR (2023) A robust
method for approximate visual robot localization in feature-sparse sewer pipes. Front.
Robot. Al 10:1150508. doi: 10.3389/frobt.2023.1150508

2. Edwards, S., Mihaylova, L., Aitken, J.M., Anderson, S. (2021). Toward Robust Visual
Odometry Using Prior 2D Map Information and Multiple Hypothesis Particle Filtering.
In: Fox, C., Gao, J., Ghalamzan Esfahani, A., Saaj, M., Hanheide, M., Parsons, S. (eds)
Towards Autonomous Robotic Systems. TAROS 2021. Lecture Notes in Computer Sci-
ence, vol 13054. Springer, Cham. https://doi.org/10.1007/978-3-030-89177-0_19

1.3.2 Publication contributions

1. J. M. Aitken et al., "Simultaneous Localization and Mapping for Inspection Robots in
Water and Sewer Pipe Networks: A Review," in IEEE Access, vol. 9, pp. 140173-140198,
2021, doi: 10.1109/ACCESS.2021.3115981.

2. R. Zhang, R. Worley, S. Edwards, J. Aitken, S. R. Anderson and L. Mihaylova, "Visual
Simultaneous Localization and Mapping for Sewer Pipe Networks Leveraging Cylindrical
Regularity,” in IEEE Robotics and Automation Letters, vol. 8, no. 6, pp. 3406-3413, June
2023, doi: 10.1109/LRA.2023.3268013.



Chapter 2

Review of SLAM for Pipe Inspection
Robots

2.1 Summary of Research

During the initial stages of this project, a literature survey was conducted to review existing
research on the problem of autonomous pipe inspection as well as exploring relevant research in
surrounding elds and determining the current state of the art. This information was collated
into the publication below which constitutes a review of the literature relevant to this thesis.

The publication begins by motivating the need for autonomous robotic inspection of pipe
networks and giving a broad overview of the existing research on the SLAM (simultaneous lo-
calisation and mapping) problem in pipe networks. It then details the challenges faced when
attempting to perform SLAM in pipe networks and explores the general requirements of the wa-
ter industry and translates those requirements into technical requirements any proposed SLAM
system must meet in order to operate in pipe networks. The review asserts that future inspec-
tion of buried pipe networks will be carried out by small autonomous robots. It nds that,
in addition to the general di culties of performing SLAM, buried pipe networks su er from a
lack of external communication and erroneous prior information, as well as being dark, narrow,
di cult to traverse, and lacking much of the visual and environmental information used in more
generalised SLAM algorithms.

The publication then provides multiple sections constituting a detailed review of existing

research related to the problem. This begins with an overview of SLAM methods and is followed
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by a review of map representation methods and their applicability to pipe networks then an
exploration of how di erent sensors can be used for SLAM in pipes.

In brief, these sections nd that a variety of approaches to SLAM exist and are well explored,
however they are generally too computationally expensive to be able to be performed on robots
meeting the size constraints highlighted earlier in the review. It posits that robots in pipes will
likely perform only localisation using existing maps and will perform full SLAM only occasionally.
It is also, however, found that existing pipe network maps are frequently inaccurate or incomplete
and are intended to be read by humans. A number of ways are representing maps are discussed
in the review, and maps that contain a spatial representation of explicitly classi ed features
(semantic maps) are highlighted as potentially suitable for pipe networks due to them containing
many already classi ed landmarks. The map section concludes by suggesting a hybrid map
representation that utilises di ering scales and levels of abstraction based on the task being
performed may be ideal for use by autonomous robots in pipes.

Finally, the review of sensor methods outlines that the power and size restrictions imposed
by the operating environment will limit the type and number of sensors able to be used by robots
in pipe networks. The review suggests that cameras are an e ective method of localising via the
detection of landmarks but highlights their dependence on light, the source of which must be
carried on the robot in pipe networks. Laser scanners and Lidar do not require light, however
their increased size and expense over cameras as well as the lack of features used by range based
pose estimation algorithms is stated as a concern. Additionally, acoustic sensing is highlighted
as being well suited for pipe environments, however its need for a xed source of sound would
limit the mobility of the robot. Similarly to the ndings on map representations, the review
posits that the use of multiple types of sensors will likely be the ideal approach to performing
SLAM in pipe networks.

The review concludes by highlighting the unsolved challenges surrounding the problem of
autonomous inspection of pipe networks, outlining the need for any solutions to be robust and
trustworthy, highlighting the lack of research into the use of prior map information in SLAM,
and detailing the potential usage of active SLAM and multi-robot SLAM in pipe networks, both
of which were found to not yet have been researched for this purpose.

The author of this thesis contributed material throughout the publication and particularly

relating to visual SLAM loop closing (section 1V-B 2), visual odometry (section VI-B) and the
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use of prior maps (section VII-B).

2.2 Publication
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Chapter 3

Visual Odometry Using Joint and

Manholes Detections

This chapter contains a publication detailing the development and testing of an algorithm to
perform odometry in sewers using predictable landmarks. The full publication is preceded by a

summary of the research presented in the publication.

3.1 Summary of research

The visual odometry system presented here allows a robot to localise itself within a pipe network
by leveraging the predictability of the environment (pipe joint spacings) and utilising information
that can be obtained above ground prior to operation (manhole locations). While the system
cannot achieve the precision of state-of-the-art SLAM algorithms it overcomes many of the
challenges that cause those algorithms to perform poorly and often fail entirely in pipe networks
(mainly feature sparsity).

Pipe networks generally consist of sections of pipe manufactured to a regular length which
are then joined together when placed below ground. These pipes are further connected by
manholes to allow human access to the network. While the diameter of pipe sections can vary
signi cantly depending on the pipe locations in the network and intended function, the length
of each segment and as such the distance between joints, was found to be relatively consistent
in the early stages of research. The total length of pipes, i.e. the distance between manholes,

also varies signi cantly, however, the locations of the manholes can be observed from above
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ground. By detecting the joints between pipe sections, the distance travelled along a pipe can
be calculated by multiplying the number of joints detected so far by the distance between each
joint. Additionally, detecting manholes whose locations have been found prior to operation can
be used to reset the position of the robot to a known location and reduce the impact of missed
or extraneous joint detections.

The research contained within this publication is primarily concerned with reliably detecting
pipe joints in camera footage. Simple methods, such as using the Hough Transform to nd circles
within each frame, were found to be incapable of identifying joints and joints alone, while initial
tests of deep learning algorithms were inconsistent and improvement would come with increased
computational complexity and diminishing returns. The primary di culty faced when detecting
landmarks in buried pipes is the lack of distinct features. Pipe walls tend to vary between
smooth and featureless or repetitive and indistinct. This causes visual SLAM algorithms to fail
due to large sections where insu cient features can be found to operate, and when features are
detected they are di cult to match between frames due to their similarity to all other features
in the region. Detection methods fail due to the majority of each frame being near identical or
essentially noise.

The algorithm detailed below utilises the feature sparsity and regularity by recognising that
the vast majority of distinct features in pipe networks are associated with either manholes or
pipe joints. By clustering traditional feature descriptors and then analysing the structure and
consistency across frames of the ones determined to be pipe joint features, we can detect joints
in pipes with an 85% accuracy and an F1 score of 0.78. This shows a stark improvement over
the Hough transform method which was tested with a range of parameters and only able to
achieve, at most, a 58% accuracy and a 0.11 F1 score. The developed method was found to
be su cient to perform odometry with an average error of 2.50m, signi cantly lower than that
of ORB-SLAM3 (Campos et al., 2021) which failed to operate in all testing environments and
achieved an average error of 11.53m when it did work.

Manholes were found to be much simpler to detect within pipes than other landmarks. The
publication below uses a support vector machine (SVM) to classify frames as having being taken
inside manholes using the same features extracted in the joint detection algorithm. This was
98.5% accurate with an F1 score of 0.98 and allowed the odometry to be further improved to an

average error of 1.76m.
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The developed algorithms were tested using footage from multiple sewer pipe networks, us-
ing experiments conducted in collaboration with the author at iCAIR (The Integrated Civil and
Infrastructure Research Centre at the University of She eld) and datasets made publicly avail-
able by the author at https://orda.shef.ac.uk/articles/dataset/Visual_Odometry for_
Robot_Localisation_in_Feature-Sparse_Sewer_Pipes_Using_Joint_and_Manhole_Detections_--
_Data/21198070. The novel algorithm is compared to a state-of-the-art visual SLAM algorithm

which it was found to outperform considerably.

3.2 Publication



CHAPTER 3. VISUAL ODOMETRY USING JOINT AND MANHOLES DETECTIONS 36



CHAPTER 3. VISUAL ODOMETRY USING JOINT AND MANHOLES DETECTIONS 37



CHAPTER 3. VISUAL ODOMETRY USING JOINT AND MANHOLES DETECTIONS 38



	Introduction
	Background and Motivation
	Aims and Objectives
	Thesis structure

	Contributions arising from the thesis
	First author publications
	Publication contributions


	Review of SLAM for Pipe Inspection Robots
	Summary of Research
	Publication

	Visual Odometry Using Joint and Manholes Detections
	Summary of research
	Publication

	Multiple Hypothesis Particle Filtering For Visual Odometry
	Summary of research
	Publication

	Conclusions

