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Abstract

Autonomous navigation of steel bridge inspection robots is essential for proper main-

tenance. Majority of existing robotic solutions for steel bridge inspection require

human intervention to assist in the control and navigation. In this thesis, a control

and navigation framework has been proposed for the steel bridge inspection robot de-

veloped by the Advanced Robotics and Automation (ARA) to facilitate autonomous

real-time navigation and minimize human intervention. The ARA robot is designed

to work in two modes: mobile and inch-worm. The robot uses mobile mode when

moving on a plane surface and inch-worm mode when jumping from one surface to

the other. To allow the ARA robot to switch between mobile and inch-worm modes,

a switching controller is developed with 3D point cloud data based. The surface

detection algorithm is proposed to allow the robot to check the availability of steel

surfaces (plane, area and height) to determine the transformation from mobile mode

to inch-worm one. To have the robot to safely navigate and visit all steel members of

the bridge, four algorithms are developed to process the data from a depth camera,

segment it into clusters, estimate the boundaries, construct a graph representing the

structure, generate the shortest inspection path with any starting and ending points,

and determine available robot configuration for path planning. Experiments on steel

bridge structures setup highlight the effective performance of the algorithms, and the

potential to apply to the ARA robot to run on real bridge structures.
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Chapter 1

Introduction

Within the �eld of health monitoring of bridge structures [2{5], the development

of novel robotic platforms has received considerable attention in the recent years

[6{8, 8{15]. It has been increasingly stressed in the literature that timely and reg-

ular monitoring of steel bridges ensures the safety of transportation vehicles. En-

vironmental degradation (e.g., rain, wind, solar radiation), continuous surface-level

friction, overloading, and other factors lead to deterioration of di�erent structures on

steel bridges. Continuous steel bridge monitoring is necessary to ensure transporta-

tion safety and proper maintenance. The tasks can be done manually, however, it

is time-consuming, labor intensive, dangerous, a�ect to the tra�c, and sometimes

inaccessible for human in complex structures. For the reasons, there are varieties

of robotic platforms [1, 16{19] developed to support human to do the task. These

robots are magnetic-based that help them traverse on multiple angles of steel bridge

structures. Most of the robots are controlled manually by an operator.

As an e�ort to go further in the �eld, the Advanced Robotics and Automation

(ARA) Lab of the University of Nevada, Reno has developed a bio-inspired hybrid



2

robot - ARA robot [1,20] (Fig. 1.1) with the aim to inspect a steel bridge structure

autonomously. The robot is able to work in two modes: (1) mobile to traverse on

smooth steel surface, and (2) inchworm - to change/jump to another steel bar surface.

In this thesis, a control and navigation framework is proposed for the ARA Lab's robot

to move easily and autonomously on smooth steel surfaces, and jump to another steel

surfaces, which are adjacent or higher than the current one.

(a) (b) (c)

Figure 1.1: ARA robot model [1] in (a)mobile, (b) inch-worm modes, and (c) real
robot

To move on smooth steel surfaces, the robot needs to navigate itself on varieties

of structures in steel bridge as shown in Fig. 1.2, which consists of popular structures

asCross-, T- , I- , K- and L- shape. The structure's complexity and varied dimensions

make motion planning task is very challenging, requires the robot's perception about

the structure and a method that is able to make use of limited work space. Moreover,

to navigate the robot to inspect a bridge continuously, the navigation system needs

to build a path in large scale. Combining with a depth sensor to collect data in a far

distance, a method is developed to build and represent a steel bridge structure as a

graph. Moreover, we propose a variant of open Chinese Postman Problem (VOCPP),

which determines the shortest path to inspect all available steel bars on the structure

with di�erence of starting and ending points.
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(a) (b)

(c) (d)

Figure 1.2: The typical steel bridges structure: (a) cross shape, (b) K-Shape, (c)
L-Shape, (d) and combination of shapes

1.1 Literature Review

Most of steel bridges are monitored by civil inspectors manually [21]. However, due

to the complex structural composition and inaccessible regions of the bridges (e.g.,

pipes, poles, overhead cables), the manual inspection of these regions is a perilous

task for human inspectors. Additionally, manual inspection is time-consuming, labor-

intensive, and disruptive to tra�c. It is for this reason that di�erent robotic solutions

have been developed for automated steel bridge inspection [17,22{29]. These robots

are equipped with di�erent adhesion mechanism (e.g., magnetic wheels, pneumatic,

suction cups, bio-inspired grippers), visual sensors (e.g., monocular, stereo vision,

RGB-D sensors) and other sensory modalities to facilitate navigation and inspection

(e.g., IMUs, eddy current sensors) [17,22,24{28]. Adhesion force generated by either

permanent or electro magnets attached on the robot enables them [29] to adhere and



4

navigate 
exibly on smooth steel surfaces. The incorporation of legged mechanism

with electromagnets allows robots to assist in locomotion and traversal through com-

plex steel structures [30]. These robots are designed for a particular environment,

lacking the deploy-ability in many unstructured environments. A 
exible and versa-

tile climbing robot was designed in [21], which was equipped with 5-DOF arm, eddy

current sensor and RGB-D sensors for inspection of steel bridge surfaces, especially

for inaccessible regions of the bridges. Another type of climbing robot was developed

by [31] with untouched magnet blocks to move e�ciently on metal surfaces. Although

these robots alleviated the di�culty of moving on complex steel surfaces, they were

controlled manually by cables or remote instruction from human operators.

There is a number of work related to the navigation of inspection robots for

steel bridges [32{34], which helps the robots move in a local area, and assume the

robot dimension quite small comparing to the workspace. In [32] particularly for

autonomous steel bridge inspection robot, the authors proposed a task-level primitive

and online navigation combining with IR sensor, which helps the robot move in local

area. In [33], the authors proposed a method to detect edges on a large surface, which

is used in navigation. The method in [34] supported the small size robot to move in a

large-inside steel bridge space. Their navigation work here assumed that the robot's

dimensions are quite small comparing to the workspace. With the limit of steel bar

dimension, our research needs to handle a new circumstance for robot navigation and

motion planning.

There is an important feature in navigation for steel bridge inspection robots:

the dimensions of steel bars are limited, and the robots have small space to make a

motion. The methods in [35{37] are able to build very nice convex regions, which

make the construction of con�guration space easy. The approximation methods,

however, reduce the dimension of the workspace, and could make the robot motion
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infeasible. To overcome these problems, in this paper we propose a method, which

segments the workspace into multiple clusters and represents it by a set of boundary

points. The method can use all the possible area in the workspace, thus increases the

probability of �nding a path for the robot. With the irregular shape of the steel bar,

Expectation Maximization - Gaussian Mixture Model (EM-GMM) method [38{41] is

utilized to segment the data into irregular dimensional clusters.

When perceiving the working space, the navigation system represents the bridge

structure as a graph. Estimation of features from point cloud data receives a sig-

ni�cant attention from researchers [42{44]. These researches worked on a particular

small object to the view space of the depth sensors. In our research, the bridge is large

and usually over than the sensor view. A graph construction algorithm is developed

for this purpose. From the built graph, the next step is to determine a shortest path

to inspect all steel bars in the structure, that is calledinspection route or Chinese

Postman Problem(CPP). There are several requirements for the shortest path in our

context. The real bridge is too long for the depth sensor to collect data in one frame,

thus the bridge is separated into multiple parts. As the robot �nishes inspection in

one part, it will move the next one to continue the task. Therefore, the robot starts at

one point and ends in another point. The starting and ending points can be anywhere

on the bridge structure, which are convenient for the robot to perform the next task.

There is a number of research working on CPP problem [45{47], however, there is no

work satisfying our requirement of arbitrary starting and ending locations. Therefore,

we propose a variant of open CPP (VOCPP) algorithm to handle the problem.
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1.2 Contributions

Steel bridge inspection is a continuous process, the primary goal of our research is to

develop a fully autonomous robotic system to automate this task. In this research,

we proposed a control and navigation framework for the ARA robot to navigate

autonomously on steel bridge structures. The contributions of this thesis are then as

follows:

ˆ A control framework to help the ARA robot switch between two operation

modes (mobile, inch-worm) autonomously. The switching control determines

the availability of the planar surface, its area and height to decide the next

transition;

ˆ A non-convex boundary estimation algorithm to �nd the boundary of the steel

bar point cloud, that utilizes the availability of limited steel bar surface.;

ˆ An area estimation algorithm using point cloud data from RGB-D sensor to

allow the robot to assess area availability for transitioning from one plane to

another. This algorithm determines if the available area is su�cient for the

robot's foot transition;

ˆ An e�cient algorithm to segment the steel bridge structure into steel bars and

cross area regardless any kinds of input structure (tested onT-, K-, I- , L- and

Cross- shape);

ˆ An algorithm to construct an undirected graph from the steel bridge structure

data;

ˆ VOCPP algorithm to �nd the shortest path for the robot to inspect all steel

bars in the graph with di�erence between the starting and ending points;
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ˆ A method to determine whether a robot con�guration belongs to free con�gu-

ration, with the input as a set of cluster boundary of steel bridge structure.

1.3 Thesis Organization

The organization of the remainder of this thesis is as follows. Chapter 2 provides

fundamental background including Point Cloud processing, motion planning, robot

control, and Chinese Postman Problem. Chapter 3 introduces the control framework

of the ARA robot. Chapter 4 introduces the navigation of the ARA robot in mo-

bile transformation. Chapter 5 presents the experiment setup and results. Lastly,

Chapter 6 covers the conclusions with analysis and potential future development.
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Chapter 2

Background

This chapter provides the background knowledge, which is used in this thesis such

as Expectation Maximization - Gaussian Mixture Model, Chinese Postman Problem,

and Rapidly Exploring Random Tree Path Planning.

2.1 Gaussian Mixture Model

Gaussian Mixture Model - GMM [48] is a probabilistic model with an assumption that

the data is generated by a group of Gaussian distributions with unknown parameters.

Assuming there aren observationsX 1; X 2; :::; X n , and eachX i is drawn from one

of K mixture components. Going with each random variableX i , there is a label

Z i 2 f 1; :::; K g, which shows the componentX i came from.

From probability law, the marginal probability of X i is:

P(X i = x) =
KX

k=1

P(X i = xjZ i = k)P(Z i = k) =
KX

k=1

P(X i = xjZ i = k)� k (2.1)
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where, � k is called mixture proportions, and it represents the probability thatX i

belongs to thek � th mixture component. The sum of the mixture proportions is one:
P K

k=1 � k = 1.

2.2 Expectation Maximization GMM

Expectation Maximization (EM) algorithm is an iterative method [49], which deter-

mines the best value for a process latent variable in the presence of of latent variables.

There are two modes in the EM algorithm: estimating step and maximizing step.

ˆ Estimating step so-called E-step attempts to estimate the value of the missing

or latent variables.


 j (xn ) =
� j P(xn j� j ;

P
j )P

k � kP(xn j� k ;
P

k)
(2.2)

ˆ From the estimation, the maximizing step or M-step optimizes the model pa-

rameters to explain the data.

� j =
P N

n=1 
 j (xn )xn
P N

n=1 
 j (xn )
(2.3)

X

j

=
P N

n=1 
 j (xn )(xn � � j )(xn � � j )T

P N
n=1 
 j (xn )

(2.4)

� j =
1
N

NX

n=1


 j (xn ) (2.5)

where, 
 j is the weight to componentj of variable xn , � j are the means,
P

j are

covariances, and� j are the mixing probabilities.

For GMM, the model's parameters such as the variances and means are unknown,

thus EM algorithm is a good tool to �nd the parameter values. In our case, the number
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of steel bars and cross area are unknown, and need to be determined. Running the

EM-GMM algorithm iteratively until it provides a stable result.

2.3 Rapidly Exploration Random Tree

Rapidly Exploration Random Tree (RRT) [50{52] is a path planning algorithm, which

works e�ciently on nonconvex, high dimensional space. The idea is to build a tree

that expands incrementally by random samples from the search space. As each new

sample is drawn, it is attempted to connect to the nearest neighbor state in the tree.

If the connection is feasible, the sample is added to the tree, and the tree gets new

state. The length of the connection is limited to assure all the points between them

belonging to the search space. The random sample is a tool to control the direction

of the tree expanding, and the length limit regulates its rates. The computation time

depends on the number of samples and length limit.

RRT growth's direction can be adjusted by adding the probability of sampling

states from a particular area. It will speed up the searching and guide the tree to the

planning problem goal. However, RRT does not usually bring an optimal solution,

and the path is not smooth.

2.4 Chinese Postman Problems

Chinese Postman Problem (CPP), also known as Route Inspection problem [53], is

a problem of graph theory that determines the shortest delivery path for a mailman

with two criteria: (1) the mailman starts and ends at the same point, and (2) he needs

to traverse all the streets at least one. If all corners in the graph are even degree, an

ideal solution will exist, and all the street/edges are traversed only one.
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If the starting point and ending points are di�erent, the problem is calledOpen

Chinese Postman Problem. If only the starting and ending points are odd degree,

then it exists an ideal path, which goes from the starting point to the ending one,

and traverses all the edges only one. The condition to solve CPP and Open CPP will

be used to develop the Variant Open CPP algorithm in chapter 4.
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Chapter 3

Control Framework

ARA robot can con�gure itself into two transformations: mobile and inch-worm.

In this work, we integrated a switching control mechanism (shown in Fig. 3.1) to

the robot [20]. This control mechanism enables the robot to change its transforma-

tions depending on environmental conditions. When traversing on continuous and

smooth steel surfaces, the robot activates themobile transformation as shown in Fig.

3.2(a). The robot navigates using a path planning algorithm with the help of di�er-

ential wheels and performs visual inspection of steel bridge structures. Moreover, the

robot can move on an inclined steel surface by the adhesion forces supported by two

magnetic arrays mounted on each robot foot. There are two working modes of the

magnetic arrays: touched and untouched, indicating the distance from the magnetic

arrays to the steel surface where the robot feet lies on.Touched modemeans the

distance is zero, and theuntouchedone keeps the distance around 1mm. The mobile

transformation requires both magnetic arrays operating in untouched mode to gen-

erate two magnetic adhesion forces, which are enough for the robot standing on the

inclined surface, and in same time still let the robot can move by its wheels. The
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Figure 3.1: The proposed control system framework for autonomous navigation

robot switches into inch-worm transformation (Fig. 3.2(b)) when it detects a com-

plex steel surface and cannot move on wheels, then activates an inch-worm jump to

the next surface. As performing inch-worm jump, only one of the robots feet touches

the steel surface. To create enough adhesive force for the robot standing, the mag-

netic array is switched totouched mode, which fully allows this array to adhere the

steel surface. The switching control mechanism controls the movement of the robot,

detects environment type and sends the appropriate command to executable nodes.

Figure 3.2: ARA robot in (a) mobile and (b) inch-worm transformation
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The control architecture of ARA robot is comprised of multiple low-level and

high-level control structures [20]. Several tasks are performed by the low-level control

structure (Arduino). The wheel's velocity, encoder reading, and the magnetic array

function are performed in this control level. The high-level control embedded in an

on-board processor manages switching control function, point cloud data processing,

inverse kinematics and motion planning. The arrangement of the high level and

low-level controls is shown in Fig. 3.3.

Figure 3.3: The control architecture integrated into ARA robot [1]

The ARA robot control framework consists of four modules:switching control,

inch-worm transformation, mobile transformation, and magnetic array control. An

overview of the overall framework is shown in Fig. 3.1. The �rst two modules, which

are the contributions of the author's work will be presented in detail.

3.1 Switching Control

The switching control S enables the robot to autonomously con�gure itself into two

transformations (mobile and inch-worm). The control employs switching functionS,
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represented in Eq.3.1. The function takes as input three Boolean parameters: plane

availability Spa, area availability Sam and height availability Shc. These parameters

determine if there is any still surface available, while enabling the estimation of the

area of the surface and its height. A logical operation is performed on these param-

eters using functionf (:). The function's parameters are estimated from 3D point

cloud data of steel surface.

S = f (Spa; Sam ; Shc) = SpaSam Shc: (3.1)

The robot con�gures into mobile transformation if the function S returns a true value.

The false value con�gures the robot into theinch-worm transformation.

Plane availability: The 3D PCL of a steel surface is processed usingpass-

through �ltering, downsampling, and plane detection[54]. Theplane detectionapplied

the RANSAC method [55] extracts the planar point cloudPcl from the initial point

cloud. The plane availability is checked using Eq. (3.2):

8
>><

>>:

Spa = False; if P cl = ;

Spa = True; otherwise:
(3.2)

Moreover, two functionsget centroid and get normal vector provide the point cloud's

centroid CPcl and normal vector ~NPcl of the point cloud.

Area availability: The robot feet requires an area estimation of the available

planar surface areaPcl . It is essential to ensure the availability of su�cient area for

successful robot transition. This is a popular problem in legged-robot, which has been

investigated carefully in [35{37]. In [35, 36], the authors proposed the convex-based

algorithms, which deployed convex optimization problem to determine an obstacle-
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free ellipsoid (convex one), then estimate step-able areas for a biped robot. In [37],

the authors proposed an algorithm to determine the valid convex collision-free regions

with geometrical constraints of obstacles. In those algorithms, a portion of the step-

able area, especially as the vertex number is small, was not considered due to the

convex approximation. It is a problem for our inspection robot with large feet pair

due to limited step-able areas on steel bridges. Those algorithms may not be possible

to �nd a step-able area for the ARA robot to worm in many cases. Thus, we developed

two algorithms, which can process a non-convex plane boundary e�ciently to estimate

a step-able area for the ARA robot.Algorithm 1 extracts a non-convex boundary from

the planar point cloud, then the second one -Algorithm 2 checks the su�ciency of

the available planar surface.

Algorithm 1 Non-convex boundary point estimation from 3D point cloud data of
steel bridges
1: procedure BoundaryEstimation (Pcl ; � s)
2: P lanes = f xy; yz; zxg
3: dmin = 8i 2 P lanes //Point along minimum value of plane i

4: dmax = 8i 2 P lanes //Point along maximum value of plane i

5: Initialize Bs = fg
6: for p 2 P lanes do
7: i ! 1
8: while slpi < d max do
9: slpi = dmin p + i � � s

10: PSpi = Set of points in range slpi � � s=2
11: PclA ; PclB = argmax

8f Pi ;Pj g2P Spi

fk Pi � Pj kg

12: Bs = Bs [ f PclA ; PclB g
13: i = i + 1
14: end while
15: end for
16: return Bs

17: end procedure

The boundary points estimated inAlgorithm 1 are performed by a window-based

approach. The algorithm's input is the point cloudPcl of the estimated planar surface

and a slicing parameter� s. At �rst, we calculate the two furthest points represented as
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